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Successful coordination of prehensile action depends upon the selection and 
control of appropriate reach and grasp movements. This thesis explores how 
prehensile actions are shaped and regulated by perceptual information. According to 
ecological psychology, behaviour is achieved through the detection of information 
specifying the opportunities the environment affords for action. A review of the 
literature identified that as this information evolves over time, a comprehensive 
understanding of prehension has to consider how affordance perception and 
continual guidance of action come together in the pursuit of goal-directed action. In a 
series of interlinking studies the initiation, hand transport and grasp components of 
prehension were investigated in order to determine how affordances are manifested 
in the emergence of, and guidance within, prehensile actions.  
Study 1 explored the effect of information specifying affordances on the time 
taken to initiate and perform a ball-posting action. Results indicated that affordance 
perception was reflected in initiation time, whilst affordance actualisation was 
reflected in movement time, demonstrating that effects of affordance perception 
extend beyond action preparation to directly influence the emergence of action.  
Study 2 investigated the selection and regulation of perceptual information 
during the guidance of hand transport. General tau theory (Lee, 1998) was applied to 
test i) whether the ratio of coupling between hand and object motion is held constant 
throughout the reach, and ii) whether this ratio, k, describes the kinematics of hand-
object contact under varying spatiotemporal task constraints. Results indicated a 
constant tau ratio during the middle, but not the end phase of the movement; 
moreover, although the summary ratio k was not sensitive to task manipulations, the 
 iv 
time-dependent counterpart, Κ(t), did exhibit effects of task constraints. This 
indicates that the guidance of hand transport was a continuous process, where, 
dependent upon the task goals, the regulation of perceptual information changed 
throughout the action.  
The final study, Study 3, examined digit coordination during the grasp. 
Focusing on the transition from 2-digit to 3-digit grip configurations, the study 
addressed whether grip selection is made before or during the action. Results showed 
the transition between 2- and 3-digit grips occurs at a within trial level. The grip 
configuration utilised could only be distinguished as 2- or 3-digit during the second 
half of the movement, indicating that grip selection emerges online during the 
unfolding action.  
Together these studies provide evidence of continual guidance of prehensile 
actions and offer support for the consideration of prehensile action as a set of nested 
task goals. It was concluded that affordance perception and movement guidance are 
interrelated and evolve continuously throughout the unfolding prehensile action. In 
light of these findings, issues relating to action selection emerging online from the 
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Prehension, the act of reaching for and grasping an object, forms an essential 
part of daily living. Whether getting ready in the morning, lifting up a cup to take a 
drink, reaching towards a handle to open a door or preparing a meal at the end of the 
day, people are continually reaching for and grasping a multitude of objects of 
varying shapes and sizes. All these acts involve a reach component, transporting the 
hand towards an object, and a grasp component, controlling the closure of the fingers 
around the object.  
Given the extensive degrees of freedom of the human hand/arm system and 
the range of hand/arm configurations that are biomechanically possible, the different 
ways in which any reaching and/or grasping action may be performed appear infinite. 
There are, however, many factors that will influence and indeed determine the most 
appropriate combination of reach and grasp solutions. For example, take the case of 
picking up a cup: the size of the cup and the shape of its handle, whether it is empty 
or full, whether it is being lifted to place in a cupboard or to take a drink, will all 
affect the exact way in which a person reaches for and grasps the cup. This example 
demonstrates that the reach and grasp actions utilised will be constrained by the 
requirements of the task (to lift a cup, turn a handle, pick up a pen), the object to be 
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lifted (its size, shape, weight etc), even the state of the person doing the lifting (for 
instance their position, strength, tiredness etc) and what goal they intend to achieve. 
Despite the vast number of ways in which prehensile acts may be performed, these 
actions are performed successfully thousands of times everyday.  
Success of prehensile actions is dependent upon not only using reach and 
grasp movements that are most appropriate for a given situation, but also ensuring 
that they are controlled effectively. That is, in order to achieve the level of spatial 
and temporal precision required of so many prehensile actions, preferred reach and 
grasp solutions must be effectively controlled, relative to the environment, and 
coordinated, with respect to one another. It is clear to see that selecting an action 
would be of little use if the action cannot be successfully controlled.  
To overcome this problem of choosing and controlling an appropriate mode 
of action the performer needs to couple perceptual information from the object and 
their environment with perceptual information of their own movement. In other 
words, they must be able to perceive and act upon information specifying the relation 
between themselves and their surrounding environment. 
The ecological approach to perception and action adopted in this thesis 
(Gibson, 1966, 1986) proposes that what is perceived are affordances, or put more 
simply, the opportunities the environment affords for behaviour (action). These 
affordances are the possibilities for action: for instance, the cup affords grasping 
whereas a ball may afford catching, throwing or an avoiding action, depending on the 
situation, and so on. Accordingly, our original problem of coordinating prehension 
becomes one of perceiving the action opportunities available and perceptually 
guiding the appropriate action solution. 
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Traditionally two strands of literature exist: one investigating the perception 
and selection of an appropriate mode of action, the other investigating the guidance 
and coordination of action. This is true not only in the prehension literature, but also 
more generally in the analysis of motor control. Implicitly this division creates the 
notion that two distinct processes of selection and guidance exist, and that they occur 
in sequence. Although both these issues are extensively documented in the literature 
on prehension, this division has meant that the way in which the two issues are 
related remains relatively unknown. 
The aim of this thesis is to achieve a greater understanding of the role played 
by affordance perception in the emergence and continual guidance of prehension. In 
this context, prehension is an interesting skill to study as it involves the perception 
and guidance of two affordances, namely reaching (to be perceived as reachable, an 
object must be within close enough proximity of the observer to enable them to make 
contact with it) and grasping (to be perceived as graspable, an object must be of a 
size and shape, relative to the hand, that enables the observer to apply opposing 
forces to the surface of the object). Therefore, in addition to addressing the relation 
between affordance perception and continual guidance of afforded action, the study 
of prehension raises a series of issues regarding how different affordances may be 
related and integrated with one another.  
In the present thesis, an emphasis is placed on the informational control of 
goal-directed action, particularly the importance of the coupling between information 
and movement. To achieve this goal a series of methodologies are presented which 
combine and develop those typically employed in the fields of affordance perception, 
prehension and perceptual guidance of action. In doing so, the multidisciplinary 
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approach to studying the perceptual control of prehensile action presented in this 
thesis offers a new direction in attempts to understand the emergence and guidance 
of prehensile action and, more generally, an attempt to develop the concept of 
affordance perception. 













Before exploring how affordance perception and continual guidance of action 
may come together in the pursuit of goal-directed prehensile action, we must first 
begin with an understanding of these concepts and the theoretical approaches that 
gave rise to them. This chapter serves to provide an overview of the ideas under 
investigation in this thesis. Specifically, it begins with Gibson’s ecological approach 
to perception and outlines its core theories of affordances and direct perception of 
information. Next, a framework of visually guided action is presented. The two main 
components of this model, affordance perception and information-based control of 
action, are explored and discussed in relation to empirical accounts of reaching and 
grasping. Issues regarding affordance perception in the continuous guidance of action 
are then raised. Finally, the chapter presents an outline of the studies included within 
the present thesis. 
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2.1 ECOLOGICAL APPROACH TO PERCEPTION (AND ACTION) 
James Gibson sought to explain how an animal is able to perceive and move 
through its surrounding environment to achieve coordinated action. Finding existing 
accounts of visual perception unsatisfactory, Gibson (1986) conceived of an 
approach to perception that could serve as an alternative to existing mechanistic 
accounts. In formulating his theory of perception Gibson asked: What information 
resources exist in the environment, exerting selection pressure on animals and to 
which animals can therefore become adapted? He considered that by focusing on the 
environmental sources of constraint it would be possible to gain insight into the 
relation of an acting animal to its perceptual world. In terms of understanding 
perception, Gibson focused on three main points: i) the environment to be perceived, 
ii) the information for perception and finally iii) the act of perceiving. The result was 
James Gibson’s ecological approach to perception (Gibson, 1986), a theory of 
information transaction between organism and environment for the planning and 
execution of purposeful behaviour. 
The first point where Gibson’s ecological approach contrasted dramatically 
with constructivist theories was in the guiding principle of animal-environment 
reciprocity. Gibson advocated that animals are active perceivers living, and moving, 
in a meaningful environment. Therefore, what is perceived is an animal’s relation to 
its environment. Taking the environment to be perceived as the starting point for a 
theory of perception Gibson proposed that perceptual information specifies the 
actor’s relation to their environment. 
The second point of departure was the principle of ecological information. In 
terms of understanding the information for perception, Gibson rejected constructivist 
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accounts of stimulus and interpretation. Instead he proposed that perception was the 
detection of ecological information, which is external to organisms and specific to its 
environmental sources. In this instance, information refers to the specification of the 
observer’s environment (Reed, 1996), and as such is inherently meaningful. Gibson 
conceived of information as structured flow available in ambient energy arrays. He 
offered that the structure of the array is the result of invariants, which specify salient 
properties of the actor-environment relation. Although primarily focused on optic 
flow and the optic array, Gibson considered this concept of perceptual information to 
extend beyond vision to other sensory modalities.  
These principles of animal-environment mutuality and ecological information 
provide the basis for two theories central to this ecological approach: namely, the 
theory of affordances, and the theory of direct perception.  
 
2.1.1 Theory of Affordances 
Gibson’s concept of affordances simply refers to the opportunities the 
environment affords for behaviour (action). Or as Reed phrased it, “affordances are 
resources for an animal at the scale of behaviour” (Reed, 1996, p. 38). What we 
perceive then is not a cup, stair case or ball, but something graspable, climbable or 
throwable and kickable. These affordances are not just abstract physical properties 
but instead aspects of reality that are relevant to behaviour, and must be measured 
relative to the actor (Gibson, 1986). For example, “What we call the steps afford 
stepping, up or down, relative to the person’s legs” (Gibson, 1986, p. 132). Thus 
according to Gibson, affordances are determined by the fit between properties of the 
environment and properties of an action system.  
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Gibson posed that the central question for the theory of affordances was not 
whether they exist and are real, but rather, whether information is available in 
ambient light for perceiving them. To illustrate, for an object to be perceived as 
graspable, it must have opposite surfaces separated by a distance less than the span of 
the hand, and be reachable, within close enough proximity of the observer to enable 
them to make contact with it (Gibson, 1986, p. 133). According to Gibson, the size of 
an object that constitutes a graspable size is specified in the optic array. That is, in 
order for the affordance to be perceived, a tactual sensation of size does not have to 
become associated with the visual sensation of size (Gibson, 1986, p. 133), instead 
the affordance is perceived directly. This notion of invariants that are related at one 
extreme to the motives and needs of the observer and at the other extreme to the 
substances and surfaces of a world provided a new approach to psychology. 
To summarise, the assumptions central to Gibson’s theory of affordances are 
that actor-scaled properties of the environment afford a given behaviour to an 
observer, informational invariants in the ambient energy arrays specify this afforded 
action, and finally that observers are sensitive to this information and as such able to 
perceive the affordance (Gibson, 1966, 1986; Michaels, 2000). 
 
2.1.2 Theory of Direct Perception 
The ecological approach advocates a theory of direct perception, where 
information and action are considered to be functionally related. It is in the theory of 
direct perception that the distinction between Gibson’s approach and existing 
theories is most evident. As ecological information is inherently meaningful, directly 
specifying the relation between the performer and their environment, the 
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constructionist concepts of adding meaning, and interpreting the world become 
redundant. According to Gibson behaviours, such as locomotion and manipulation, 
are neither triggered nor commanded but controlled (that is, constrained, guided or 
steered). Moreover, control is not by the brain, but by information. 
When the environment is considered a rich source of information, the role 
then of the perceptual systems is to search for and fine-tune the pick up of this 
information. Here, the perceptual systems are involved in an active search for 
information and are able to adapt and modify their functioning, to achieve refined 
and improved information pickup.  
At this level it is clear that perception is considered an active process, 
requiring exploration of the surrounding environment to detect information. This 
exploration to obtain relevant information gives way to a continuous cycle of 
perception and action, where one perceives in order to act, and acts in order to 
perceive (Gibson, 1986). For example, given an object located before me, I may lean 
forward to gain information as to whether it is reachable from my current position. 
This information will in turn lead to a movement towards the object, or in the case 
that it was not reachable a rise out of my seat to approach the object. What we see 
here is an example of what Gibson termed perception-action coupling.  
Michaels (2000) argued that the concept of perception-action coupling is 
confusing, since perception and action are interlinked, proposing instead that it is 
more appropriate to consider information-movement coupling. Despite this 
disagreement in the exact term used, it is agreed that perception is the active 
detection of ecological information and what this information specifies are 
affordances and events (i.e. perception of invariants) of the surrounding environment.  
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2.2 WARREN’S FRAMEWORK FOR VISUAL GUIDANCE OF ACTION  
To summarise, the ecological approach offers two theories, one of 
affordances, and the other of direct perception. According to Gibson these key 
principles, of affordances and perceptual invariants, are the cornerstone to 
understanding the production of coordinated movement. While the relation between 
these two theories was not explicitly explored within his book, The Ecological 
Approach to Visual Perception (Gibson, 1986), it has been addressed in a series of 
papers by Reed (1982, 1988, 1996) and Warren (Warren, 1984, 1988; Warren & 
Whang, 1987; Warren, Young, & Lee, 1986). 
Reed (1982, 1988) offered an ecological approach to action systems, intended 
to sit alongside Gibson’s approach to perception. In this action approach Reed 
emphasised the goal-directedness of action. His fundamental hypothesis was that 
action is made up of whatever displacements suffice to realise the agent’s goal; what 
matters is not the coordinates of limb displacement in space-time, but rather the 
movements and postures in the environment. An act such as reaching may be 
achieved by a variety of different muscle movements and displacements, therefore, to 
learn to reach is not to learn certain displacements in three-dimensional space, but to 
learn to solve a very specific environmental problem. This point was initially raised 
by Bernstein (1967, 1996), and will be discussed in greater depth later in this review. 
Reed (1996) posited that the fundamental hypothesis of ecological psychology is that 
affordances and only the relative availability (or nonavailability) of affordances 
create selection pressure on the behaviour of individual organisms; hence, behaviour 
is regulated with respect to the affordances of the environment for a given animal. 
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Building on Gibson’s theory of perception and Reed’s approach to action 
systems, Warren (1988) proposed a model for the visual guidance of action. Warren 
recognised that the visual system plays a major role in movement control, as visual 
information provides a source of constraint on the action system. Actors must 
perceive the affordances of the environment in order to guide their actions, that is, 
they must perceive that an action is possible in a given situation in order to perform 
that action using the appropriate laws of control (Warren, 1988). He argued that in 
visually guiding an action, the intentions of the actor select a perceptually specified 
affordance to be realised, a corresponding mode of action by which to realise it, and 
appropriate laws of control by which to visually regulate the action. Warren therefore 
considered there to be two main components central to the guidance of action, 
namely the affordance problem and the control problem. 
The affordance problem in the guidance of action is concerned with how an 
organism perceives what actions a given situation affords. Warren proposed that 
affordances map one-to-one onto specific modes of action that are tailored to realise 
them, that is, for each affordance there exists a corresponding mode of action that 
will realise it; examples of such action modes are reaching, grasping, throwing, 
climbing, sitting, etc. Each action mode involves the organisation of the musculature 
into task specific groupings or coordinative structures, thereby reducing the 
dimensionality of the action system to a few free parameters.  
In contrast, the control problem relates to how actions are guided on the basis 
of visual information, specifically how the free parameters of these action modes are 
regulated by a unique set of laws of control. In this sense, Warren used the term 
‘laws of control’ to describe how changes in optical flow can be related (by means of 
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ecological optics) to changes in force required to achieve a desired goal (Warren, 
1988). Consequently, Warren considered the control problem to be principally 
concerned with how patterns of ambient energy are used for the continuous control 
of unfolding acts.  
With these two concepts, Warren’s model for the visual guidance of action 
has formed the basis of the majority of research on affordances and has strongly 
influenced research on the information-based control of action.  
 
2.2.1 Affordance Perception and Mode Selection 
Warren (1984) originally investigated affordance perception in a stair 
climbing task. The study was based on Gibson’s theory that actions emerge from the 
fit between properties of the environment and properties of an action system. Warren 
argued that the relation between properties of the environment and properties of an 
organism’s action system are specified by intrinsic body-scaled information, or more 
generally action-scaled information. To directly manipulate this concept of actor-
environment fit, Warren (1984) examined affordance perception of stair climbing in 
individuals of different heights, by varying stair riser height with respect to leg 
length.  
The findings of this seminal work on affordances highlighted that 
manipulating actor-scaled properties of the environment leads to the emergence of 
optimal regions where a given action is preferred, or most energetically efficient, and 
the appearance of critical points where the shift to an alternative, qualitatively 
different action occurs. These critical points occur when the limits of an actor’s 
capabilities are reached, and are referred to as an action-boundary. In the case of 
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stair-climbing this action-boundary is the point at which participants can no longer 
use a bipedal climbing action and would need to shift to an alternative quadra-pedal 
climbing action. 
In a series of experiments participants' perceptual categorisation of stair riser-
heights as climbable or unclimbable were shown to converge on estimates made 
based on biomechanical and efficiency calculations. This demonstrated that 
participants were able to accurately perceive the extent of climbability afforded by a 
given stair riser height. 
Moreover, an intrinsic measure of behaviour was formed using a 
dimensionless ratio of system variables called pi numbers, where an actor property A 
(e.g. leg length measured in cm) can be used as a standard for measuring an 
environmental property E (e.g. stair-riser height measured in cm); when both 
properties are measured in the same units then the units cancel out and their ratio is 
dimensionless. In this instance, the pi number (the ratio of E/A) gave an intrinsic 
measure of riser height as a proportion of leg length, uniquely expressing the fit 
between the environment and the actor (for details see Bunge, 1973; Warren, 1984). 
The geometry of fit between the stairway dimensions and the climber’s body 
dimensions could then be expressed by the value of the pi numbers. Using this 
method, Warren demonstrated that points of transition between climbable and non-
climbable riser-height, and preferred regions, yielded specific pi numbers that were 
constants for all participants regardless of differences in height or leg length.  
Specifically the perceived critical boundary that distinguished climbable stairs from 
unclimbable was riser height/leg length ratio of 0.88, for all participants. 
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This concept of action-boundaries as constants across physically similar 
systems has been replicated in stair-climbing by children and the elderly (Cesari, 
Formenti, & Olivato, 2003). Moreover pi ratios, and the invariant values that 
correspond to action-boundaries, have been identified for a range of behaviours: such 
as walking through apertures (Wagman & Taylor, 2005; Warren & Whang, 1987), 
sitting (Mark, 1987); catching (Oudejans, Michaels, Bakker, & Dolne, 1996); 
climbing (Pijpers, Oudejans, & Bakker, 2005, 2007; Pijpers, Oudejans, Bakker, & 
Beek, 2006) reaching to objects: in front (Choi & Mark, 2004; Gardner, Mark, Ward, 
& Edkins, 2001; Mark et al., 1997), sideward (Bootsma, Bakker, van Snippenberg, & 
Tdlohreg, 1992; Peper, Bootsma, Mestre, & Bakker, 1994) and overhead (Pepping & 
Li, 2000a, 2000b, 2005, 2008); and grasping (Cesari & Newell, 1999, 2000a, 2000b, 
2002; Newell, McDonald, & Baillargeon, 1993; Newell, Scully, McDonald, & 
Baillargeon, 1989; Newell, Scully, Tenenbaum, & Hardiman, 1989). 
While many of these studies focused on the identification of pi numbers for a 
given action, Warren’s original article went a step further, by examining the 
information specifying the affordance. Warren (1984) established that, in principle, 
actor-scaled information specifying the climbability of a stair-riser was perceptually 
available through intrinsic optical information such as standing eye-height. By 
demonstrating that information specifying the fit is available for visual perception 
Warren suggested that perceived climbability was based on direct perception of this 
eye-height information, and not separate awareness of leg length and stair-height.  
Extending this research, Mark (1987) examined the eyeheight-scaled 
information specifying the affordances of sitting and stair-climbing, and the process 
by which that information is apprehended. Observers wore 10cm blocks, attached to 
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the soles of their feet, and made judgements about whether the heights of various 
surfaces afforded sitting and climbing. Initial errors in these judgements were in line 
with the hypothesis that observers based their judgements on eyeheight-scaled 
information. However, after a brief amount of experience wearing the blocks 
observers were able to accurately retune their critical action-boundary, despite 
consistently overestimating the height of the block on which they were standing. 
That is, while they were able to accurately perceive the affordance and actor-
environment fit; they were unable to accurately estimate the height of the blocks. 
Two main conclusions were drawn from this study: firstly, that people can rapidly 
and accurately adapt to changes in action-boundaries; and secondly, that perception 
of affordances is more accurate than perception of environmental properties. 
This finding has been supported by subsequent studies in which active 
exploration has been shown to significantly improve sensitivity to action-boundaries 
(Oudejans, Michaels, Bakker, & Dolne, 1996; Pepping & Li, 2008). It appears that as 
performers move and explore their surrounding environment critical information is 
gathered, enabling them to become better attuned to the action opportunities 
available. 
 
2.2.1.1 Affordance Perception: Specific to Reaching and Grasping   
Newell and colleagues were the first to address affordance perception in 
prehension (Newell, McDonald, & Baillargeon, 1993; Newell, Scully, McDonald, & 
Baillargeon, 1989; Newell, Scully, Tenenbaum, & Hardiman, 1989). They examined 
the development of grip configuration in infancy. Specifically, they described the 
range of configurations adopted when reaching for a series of different sized cubes. 
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Until their work, the development of grasping was thought to result from maturation 
of the central nervous system, and was commonly plotted as a series of motor 
milestones (Gesell, 1928; Halverson, 1931; Hooker, 1938). Newell and colleagues 
demonstrated that when object size was scaled according to the individual’s hand 
size, the number of digits employed in a grasp were the same for infants and adults. 
Following these initial studies, similar results were found for the transition between 
one- and two-handed grasping (van der Kamp, Savelsbergh, & Davis, 1998); and 
have even led to the development of equations that can predict the point of transition 
between different grip configurations, based on the size and mass of the object and 
the size and mass of an individual’s hand (Cesari & Newell, 1999, 2000a, 2000b, 
2002). 
In terms of reaching, Mark and colleagues have examined postural dynamics 
and critical reaching boundaries (Choi & Mark, 2004; Gardner, Mark, Ward, & 
Edkins, 2001; Mark et al., 1997). Mark et al. (1997) found that the preferred critical 
boundary, between seated and standing reaching, reflects the relative comfort of 
available modes of reaching. For instance, as the fit between properties such as 
object distance and arm length are varied, optimal regions emerge where a seated 
reach is most comfortable or efficient; and critical points emerge where the limits on 
an action are met causing a transition to a standing reach. In a situation such as this, 
where multiple affordances exist, the choice of action mode is constrained by relative 
comfort of the possible action modes. In their discussion Mark et al. raised questions 
regarding how an optimal mode of action is selected and whether all possibilities 
must be perceived and their comfort evaluated. Additionally, they suggested that 
action modes may not be planned prior to movement onset; instead visual and haptic 
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feedback may offer significant guidance in the ongoing control of the action by 
revealing changes in the costs (e.g. comfort, effort and energy) of the action as it 
progresses. In this respect Mark et al. (1997) highlighted that information obtained 
through the exploratory component of a performatory action is integral to the 
ongoing perception of the optimal path of action toward a goal.  
A number of studies have explored the effects of manipulating actor-
environment fit on the perception of reaching-boundaries. Investigating the 
perception of overhead reachability, Pepping and Li (2000a) demonstrated that 
manipulation of an individual’s reaching-boundaries, through the addition of mass, 
resulted in a corresponding adaptation in the location of the perceived action-
boundary. In a separate study they also established that when presented with surfaces 
of different dynamic properties, individuals were able to adjust their perceived 
action-boundary to meet their new action capabilities (Pepping & Li, 2008). While 
anxiety has been shown to result in underestimation of perceived reachability of 
passing objects (Bootsma, Bakker, van Snippenberg, & Tdlohreg, 1992), the 
influence of anxiety and fatigue on the location of the perceived reaching-boundary 
in climbing merely served to accommodated the change in the individual’s action 
capabilities (Pijpers, Oudejans, & Bakker, 2005, 2007; Pijpers, Oudejans, Bakker, & 
Beek, 2006). Finally, it has been shown that the mode of response used, i.e. whether 
individuals make a verbal judgement or actually perform the reaching action, has an 
influence on the time taken to react (Pepping & Li, 2005); and may even require a 
different informational basis (Peper, Bootsma, Mestre, & Bakker, 1994). 
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2.2.2 Information-Based Control (and Laws of Control) 
Actions are coordinated movements, guided by information, in the service of 
some goal (Michaels, 2003). The issue at the centre of Warren’s (1988) control 
problem is to understand how information directly regulates the action system. The 
central hypothesis of this model is that for each affordance a corresponding mode of 
action exists, governed by a unique set of control laws.  
 As stated previously, each action mode involves an organisation of the 
musculature into task-specific groupings or coordinative structures; a concept 
introduced by Bernstein (1967, 1996). Bernstein defined coordination as a problem 
of mastering the many degrees of freedom involved in a particular movement, that is, 
of reducing the number of independent variables to be controlled. After observing 
that no two repetitions of an action are exactly identical, due to differences in forces, 
inertia and initial posture, Bernstein (1967) recognised that the spatiotemporal 
requirements of coordinated movements are not predetermined by any one part of the 
system, but rather are built gradually by the interaction of many subsystems. The 
functional indeterminacy that exists between any central motor command and the 
resulting movement is highlighted by the fact that it is possible to organise different 
degrees of freedom in the same way to achieve the same purpose, and the same 
degrees of freedom in different ways to achieve different purposes (for a detailed 
review see Turvey, 1990). Bernstein argued, therefore, that the plan for action is 
probably defined at a functional, rather than a muscular level. In this way, the action-
system self-organises into a task-specific coordinated structure, that is, groups of 
muscles can become functionally linked so as to behave as a single task-specific unit. 
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As a consequence, this self-organisation reduces the dimensionality of the action 
system to a few free parameters (Kugler, Kelso, & Turvey, 1980).  
According to Warren (1988), once an action mode is selected and task-
specific constraints arise within the action system, the remaining free parameters of 
action are regulated by optical information. Warren referred to these relationships 
between optical variables and action parameters as laws of control, as they are based 
on lawful relations between the structure of light and the movement of the observer 
through the environment. Laws of control describe how a task can be performed; 
changes in the relationship between organism and environment are specified by 
changes in optic flow, by moving so as to produce a particular pattern of optic flow 
actors null the error between the current state and the state required to successfully 
perform the task. A central hypothesis of this approach is that action modes are 
thought to map one-to-one onto unique sets of control laws (Warren, 1988). Optical 
variables are considered to be task-specific, where each mode of action is guided by 
a single optical variable, and the variable used in one action mode differs from the 
variable used in other action modes. As a result actors make adjustments by 
regulating movements around the critical value of an optical invariant (cf. Fajen, 
2007a; Warren, 1988). 
One such control law is based on the optic variable tau, τ, the inverse of the 
rate of optical expansion; which specifies time to contact information (Lee, 1976, 
1978, 1980a, 1980b). In this instance, changes in the relationship between organism 
and environment are specified by changes in optic flow (τ). These changes in optic 
flow can be regulated to adjust the relationship among parameters of the self-
organising action system; specifically changes in optic flow can be related to changes 
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in the force required to achieve a desired goal (Warren, 1988; see also Pepping & 
Grealy, 2007).  
Similar information-based models have been developed for a range of 
visually guided actions including braking (Lee, 1976), steering toward a goal (Wann 
& Land, 2000), catching fly balls (Chapman, 1968; McBeath, Shaffer, & Kaiser, 
1995) and intercepting moving objects (Fajen & Warren, 2004; Lee, 1998; Peper, 
Bootsma, Mestre, & Bakker, 1994). 
The implication of Warren’s model is that the discovery of new affordances 
or laws of control for new situations can be explained in terms of tuning a dynamic 
perception-action system. Meanwhile, the occurrence of a phase transition, from one 
action-mode to another, requires a reorganisation of the musculature and different 
laws of control. Warren suggested that the relationship among action modes may be 
of two types: switching and nesting. Switching between action modes involves 
stopping one action and starting another governed by different laws of control, as 
when one shifts from walking to jumping. Whereas, nesting one action mode within 
another can involve performing two simultaneous actions governed by non-
conflicting laws of control, such as walking down the street and chewing bubble gum 
at the same time, or constraining the laws of control for a higher-order action mode, 
as when walking is constrained to approach a particular object. 
 
2.2.2.1 Coordination, Control and Constraints in Prehension 
In the case of prehension the reaching movement has typically been 
divided into two coordinated components, the first is the hand transport phase 
Chapter 2: Theoretical Background 
 20 
towards the object and the second the grasping phase associated with the hand 
closure around the object (Jeannerod, 1984).  
Despite the number of studies investigating the coordination of 
prehension, debate about the degree of independence of the hand transport and 
grasp components continues. Jeannerod (1984) and Arbib (1981, 1985; Hoff & 
Arbib, 1993) proposed that the planning and processing of the two components 
are independently controlled but that their subsequent execution is precisely 
coordinated in time. Meanwhile, Jakobson and Goodale (1991) and Marteniuk, 
Leavitt, MacKenzie and Athenes (1990) have argued that the two components 
are not temporally linked in a strictly invariant manner, but rather that they are 
functionally linked ensuring that the exact temporal relationship between the two 
components can vary slightly under different experimental conditions. In 
contrast, Bootsma and van Wieringen (1992) suggested that there is no need for 
a special high-order control structure to coordinate the two components as they 
believed that the transport and grasp components of natural prehension 
movements rely on the same source of visual information, namely information 
specifying the time to contact between the hand and the object to be grasped. 
Due to the highly consistent patterns of digit coordination observed at the 
start of reaching movements, theories by Jeannerod (1984) and Arbib (1981, 1985) 
assumed that the movement consisted mainly of a ballistic pre-programmed 
component of reaching, followed by a feedback based fine-tuning occurring at the 
end of the grasp. That is, the use of visual information to guide movement would be 
restricted to small adjustments in the low-velocity phase, i.e. the last phase of the 
movement, occurring after the moment of peak deceleration. This approach has been 
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refuted by a number of perturbation studies (Gentilucci, Chieffi, Scarpa, & Castiello, 
1992; Paulignan, Jeannerod, MacKenzie, & Marteniuk, 1991; Paulignan, 
MacKenzie, Marteniuk, & Jeannerod, 1991), in which it has been shown that 
manipulating object location, and or size, can result in trajectory adaptations as early 
as 100ms into the reaching action. 
There are two methods predominantly used to quantify prehensile actions. 
The concept of a bell-shaped velocity profile is frequently utilised to describe the 
hand movement during reaching actions (Berthier, Clifton, Gullapalli, McCall, & 
Robin, 1996; Gentilucci, Toni, Daprati, & Gangitano, 1997). Meanwhile, the 
grasping action is described in terms of the thumb-index finger aperture, particularly 
the moment of peak aperture, which indicates the start of aperture closure and has 
been taken as signifying the start of the grasping action. 
As mentioned above, the effects of task constraints were originally only 
thought to occur during the final low-velocity phase of the action. Effects of object 
size on prehension were extensively documented (Jakobson & Goodale, 1991; 
Marteniuk, Leavitt, MacKenzie, & Athenes, 1990); and hand aperture was shown to 
adapt in a functional way to perturbations of object-size (Castiello, Bennett, & 
Stelmach, 1993; Gentilucci, Chieffi, Scarpa, & Castiello, 1992; Paulignan, 
Jeannerod, MacKenzie, & Marteniuk, 1991). However, Bootsma, Marteniuk, 
MacKenzie and Zaal (1994) found that both the reach and the grasp were affected by 
object width, rather than object size per se. This was interpreted as an application of 
the speed-accuracy trade-off (Fitts, 1954). Fitts demonstrated that a lawful relation 
exists between the speed and accuracy of a movement, such that, movement time 
increases when movements are directed towards smaller targets, or those located 
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further away. According to Bootsma et al. (1994), the terminal accuracy required to 
lift small objects, due to the small surface area available for contact, means that these 
reaches exhibit longer movement times, particularly longer decelerations, and lower 
peak velocities. In sum, contrary to initial hypotheses by Jeannerod (1984) and Arbib 
(1981, 1985), subsequent studies have illustrated that the effects of task constraints 
can be observed throughout prehensile action. 
 
2.3 AFFORDANCE PERCEPTION IN THE CONTINUOUS GUIDANCE OF ACTION 
In the framework described thus far (Warren, 1988), it is thought that 
affordance perception precedes movement guidance; that is, it serves the function of 
selecting the action to be realised and of setting up the action system. In terms of the 
guidance of a single discrete action, few may disagree with this account. On the other 
hand, as demonstrated in the introduction, organisms (particularly humans) perform 
an endless concatenation of actions everyday. An important point to note here is that, 
“affordances select and shape behaviour over a range of timescales” (Reed, 1996, p. 
29). Thus, as Gibson has shown, the continuous nature of perception indicates that an 
organism’s perception of affordances will also occur over a range of timescales. 
This leads to the issue of multiple affordances and nesting. The problem 
raised by Michaels (2003), is that actions consist of nested and sequential 
information-movement relations. While Warren touched on affordance nesting across 
multiple timescales, questions remain over what happens during sequential relations. 
For instance, in the case of approaching an object: are both reachability and 
graspability perceived? Is the affordance of grasping perceived from initiation, or 
only as the action unfolds? Or instead, is it only the act of prehension that is 
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perceived? This raises a number of questions regarding the nature of affordance 
perception, such as: whether affordances occur at a preferred level, or apply to all the 
constituent components of actions. And as highlighted by Michaels (2003), is this 
form of sequential affordance perception time-dependent? 
The model offered by Warren (1988), suggests the existence of task specific 
action modes. In other words, the system becomes organised into functional 
groupings; although the question remains, how specific are these action modes? 
Walking and reaching seem significantly distinct, we may even be confident that the 
distinction between reaching and grasping is great enough to require two distinct 
action modes, however the boundary between one-handed and two-handed grasping 
may be somewhat more problematic, and what then of the distinction between 2-digit 
and 3-digit grasping. Additionally, Warren’s consideration of a one to one mapping 
between affordance perception, action modes, and control laws may be problematic 
depending on the level of action being considered. For instance, in a given situation 
the task constraints surrounding an object perceived as reachable may vary, causing a 
change in the control laws and information required to ensure its interception, but not 
enough to change its perceived reachability. In this case a change in control law 
would not be accompanied by a change in affordance perception. Therefore, at what 
point would the manipulation of task constraints be sufficient enough to change the 
task specific action mode, not just in terms of affordance perception, but by altering 
the control laws guiding the action. 
An obvious question is whether the informational basis of affordances is the 
same, or different, than that of guidance of action. All of the research discussed 
above suggests that the informational basis of affordance perception is distinct from 
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the control laws used to regulate action. In contrast, Stoffregen (2000) offered that 
the information specifying an affordance may be used to guide both the choice of 
behaviour and continuous fine-tuning of the action. Although, in working through an 
example of affordance perception in braking, it was clear that while time-to-contact 
(TTC) information may form the basis of a control law, TTC alone did not 
distinguish afforded from nonafforded actions. The suggestion that the same 
information is used is an appealing concept however, as it negates the requirement of 
two processes each regulated by different sources of information. This is a point 
reiterated by Fajen (2007a, 2007b; Fajen & Devaney, 2006), where it is proposed 
that the control law must incorporate the limits and capabilities of the actor, thus 
providing a continuous affordance-based control of action. 
Another point raised in this review was the beneficial influence of active 
exploration. Gibson proposed that in actively exploring an environment, information 
was obtained leading to refined information pick-up by the perceptual systems. For 
instance, perception of catchableness has been shown to be more accurate when 
actually engaged in the activity than when making a judgement without any 
movement (Oudejans, Michaels, Bakker, & Dolne, 1996). This indicated that 
perceiving affordances which depend on kinematic, rather than merely geometric, 
body characteristics may require the relevant action to be performed. Further to that, 
this finding suggests the kinematic information obtained through movement 
improves affordance perception even after the initiation of action. This approach can 
also be seen in the recent work on behavioural dynamics and the control of 
locomotion (Fajen & Warren, 2004; Warren, 2006; Warren & Fajen, 2004). Such 
observations once again hint at the continuous nature of affordance perception. 
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While issues of action selection and control have independently received 
considerable attention, an important area missing from this literature is the 
consideration of action selection in relation to the continuous guidance of action. 
Stoffregen (2000) highlighted this gap in the literature suggesting further research is 
required to determine whether, and in what ways, affordances are perceived and 
exploited in the continuous control of action.  
This division can be seen in the studies on prehension described above. The 
grasping literature, for instance, can be divided between experiments investigating 
affordances, i.e. grip selection, and those investigating the continuous guidance of 
grasping movements. In addition to the theoretical reasons for their separation, the 
nature of the division can also be attributed to methodological issues. Examining grip 
selection requires an unconstrained task setting. Conversely experiments examining 
movement guidance normally involve highly constrained set-ups using kinematic 
analyses to examine a single given grip configuration. Unfortunately, the use of such 
methodologies appears to separate the perception of affordances from the guidance 
of action and creates the impression that issues of importance in affordance 
perception are solely concerned with the preparation and planning of action (cf. 
Fajen, 2007a; Stoffregen, 2000); a suggestion which conflicts both with theoretical 
and empirical accounts of the perception-action reciprocity that lies at the heart of 
ecological psychology. 
 
2.4 THE PRESENT THESIS 
The aim of this thesis is to achieve a greater understanding of the role played 
by affordance perception in the emergence and continual guidance of prehension. 
Chapter 2: Theoretical Background 
 26 
Reviewing the literature highlighted that behaviour is achieved through the detection, 
and regulation, of information specifying the action opportunities available. Due to 
the dynamic nature of the actor-environment interaction, this information is in a 
continuous state of flow, and will evolve, not only over large time scales, but also 
during the unfolding of a given action. In terms of the implications for the perceptual 
guidance of prehension, as the goals of the task evolve, for instance from the 
reaching to the grasping component, it may be predicted that corresponding changes 
will occur in the affordances perceived and the role of information-movement 
coupling in the emergence and continuous guidance of action.  
To understand how affordance perception and control laws come together in 
the visual guidance of prehension, it is important to determine how individual actions 
evolve and the role information plays throughout the unfolding action. In this thesis 
it is proposed that solutions to this problem must be sought at the level of within 
action analysis. It is only at this level that an insight into the factors that shape and 
regulate action can be obtained. 
In a series of interlinking studies the initiation, hand transport and grasp 
components of prehension are investigated in order to determine how information 
effects the emergence of, and guidance within, prehensile actions. In Chapter 3, a 
series of experiments investigate the effect of information specifying affordances on 
the time taken to initiate and perform a reaching action. By examining affordance 
perception around an action-boundary, the experiments magnify the spectrum of 
afforded action and test whether the effects of affordance perception extend beyond 
action preparation to directly influence the emergence of action.  
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Chapter 4 investigates the control laws adopted during the hand transport 
phase of the reach. Two experiments examine the selection and continuous guidance 
of perceptual information during reaching actions. Specifically, general tau theory 
(Lee, 1998) is applied to test: 1) whether the ratio of coupling between hand and 
object is held constant throughout the reach; and 2) whether this ratio, k, describes 
the kinematics of hand-object contact under varying task constraints. It is 
hypothesised that if the ratio is constant from the beginning of the action then a large 
component of pre-planning must occur . 
Chapter 5 examines digit coordination during the grasp. Focusing on the 
transition from 2-digit to 3-digit grip configurations, the study addresses whether 
grip selection is made before or during the action. This chapter then discusses the 
nature of the transition between different grip configurations. 
Chapter 6 draws together chapters 1-5, providing a summary of the findings 
and overview of the conclusions presented within the thesis. It also includes a 
discussion of the implications of these findings and considers directions for future 
research. 
Individually, the studies presented in this thesis aim to provide a detailed 
account of the perception of affordances for – and visual guidance of – reaching and 
grasping actions. Together, they address the relation between affordance perception 
and continuous perceptual guidance of prehensile action. It is intended that 
addressing these two areas together and exploring the relation between affordance 
perception and continuous guidance of action will contribute to both fields of 
research, whilst also moving us closer to understanding the perceptual guidance of 
interceptive actions.
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Using a series of three experiments, this first study set out to establish how 
affordance perception is manifested in the time taken to prepare and actualise 
afforded action. Two methodological tools traditionally utilised for the study of 
affordance perception were combined in order to investigate affordance perception 
across an action-boundary. This new analysis was then extended to determine 
whether effects of affordance perception are restricted to the preparation and 
initiation of action, or whether they also exert an influence on the action performed. 
It is anticipated that addressing these issues may bring us closer to understanding the 
relation between affordance perception and actualisation of action, and provide 
additional insight into the informational basis of action responses. 




Choice reaction time has been shown to provide an index of the extent of 
affordance perception in a range of different tasks (Michaels, 1988; Pepping & Li, 
2005; Stins & Michaels, 1997, 2000). Indeed, the findings of such studies suggest 
that information specifying some affordances may be faster or easier to detect than 
others. In the present study, the effects of affordance perception on the time taken to 
initiate and perform an action are addressed. By examining action-timing and 
affordance perception across an action-boundary, this study aims to determine 
whether initiation time is sensitive to the “continuum” of afforded action associated 
with crossing an action-boundary. Additionally, in accordance with the ecological 
approach’s assumption of the reciprocity between perception and action, this study 
addresses whether effects of affordance perception extend beyond initiation time to 
directly influence the movement itself.  
As we have seen in Chapter 2, Gibson (1966, 1986) proposed a theory of 
direct perception where information and action are considered to be functionally 
related. The assumptions central to Gibson’s (1986) theory of affordances are that: i) 
actor-scaled properties of the environment afford a given behaviour to an observer; 
ii) informational invariants in energy arrays specify this afforded action; and finally 
iii) provided observers have perceptual machinery sensitive to this information 
(acquired through evolution or learning) they are able to perceive the affordance 
(Gibson, 1966, 1986; Michaels, 2000). This results in a theory of affordances based 
on the dual interdependence of perception and action, where affordances are the 
primary objects of perception and action is the realisation of affordances. 
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3.0.1 Initiation Time and the Perception of Affordances 
Michaels (1988) proposed choice reaction time as a useful methodological 
tool for the investigation of affordance perception, based on the hypothesis that 
affordances are manifested in the speed with which a response is made. For the 
purposes of the present study initiation time (IT) refers to the time taken to initiate an 
action, specifically, it is defined as the time between information presentation and 
movement initiation. This is distinct from the concept of movement time (MT), which 
is defined as the time between action initiation and the end of the action.  
If IT reflects the preparation and initiation of action, as the definitions above 
suggest, then from an ecological approach IT may be dependent upon: the degree to 
which the perceiver is attuned to the information specifying the affordance, the 
strength of perception-action coupling, the selection of an appropriate action-mode, 
and the ease at which an effectivity can be organised. Consequently, the extent to 
which the action is afforded, that is, the degree of fit between the actor and their 
environment, may affect the ease of affordance perception and as a result IT. 
Additionally this information, necessary to constrain the action dynamics, may also 
be utilised for the ongoing guidance of movement; in which case effects of 
affordance perception may also be observed in the realisation of the affordance, in 
particular on the time taken to perform the movement, i.e. MT. 
Michaels (1988) first used IT as a means of investigating affordance 
perception to explore relations between parameters of stimulation information 
(direction of apparent motion) and parameters of actions (response position). In a 
series of experiments, examining whether motion towards a position yields faster 
responses at that position, both the spatial location of stimulus information and 
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direction of apparent motion were manipulated. Responses involving spatial 
compatibility between the stimulus information and the response position exhibited 
faster ITs than incompatible responses. With this finding Michaels concluded that 
not all afforded actions are equally fast. Instead it appears that some form of 
affordance hierarchy exists, where information specifying some affordances may be 
faster or easier to detect than others (Michaels, 1988).  
Further examining this idea of affordance hierarchy (Stins & Michaels, 1997, 
2000) revealed the importance of describing responses in terms of goal-directed-
action. In one experiment, ITs to approaching or receding targets were compared 
using joystick and key press response modes. Results showed the combination of 
contracting square-distal response, expanding square-proximal response was faster 
than the converse combination, indicating a compatibility effect when the stimulus 
and the response had the same “value” on the proximal-distal dimension (Stins & 
Michaels, 1997). Here, compatibility was interpreted not to be due to the geometric 
location of responses, but rather should be viewed as the functional significance of 
the information for action, i.e. whether the information specifies afforded action with 
relevance to approaching or receding objects. Additionally, their results suggested 
that not all afforded actions are equivalent (Stins & Michaels, 1997): while 
compatibility effects were found in both response types, the size of the effect was 
significantly larger in joystick responses (34ms) than key press responses (15ms). 
Together these findings have shown that the time taken to initiate an action is a 
function of how well stimulus information specified a given movement response 
(Stins & Michaels, 1997, 2000). This suggests that what makes information task-
relevant is the extent to which the available information is able to guide action. 
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Pepping and Li (2005) subsequently employed choice IT as a methodological 
tool for the investigation of affordance perception in overhead reaching tasks. 
Perception of overhead reachability and IT were measured using a verbal and an 
actual reaching response in a standing reach, and a reach-and-jump. It was predicted 
that if making action responses is more meaningful, or natural, than a verbal response 
then an effect on IT would be found. In action responses, standing reach movements 
displayed shorter ITs than reach-and-jump movements; in the verbal response 
conditions there was no significant effect of reach task. Further, the IT for judgments 
made by verbal response was significantly longer than the IT of action responses. It 
was concluded that in terms of IT, making judgments about affordances could be 
very different from actually acting on them, as different ways of achieving a given 
affordance require different amounts of time to become realised and may even 
require a different informational basis (Pepping & Li, 2005).  
Milner and Goodale (1995) proposed a model of cortical visual processing, in 
which they made a distinction between vision for perception and vision for action. 
They advocated that the two cortical pathways of visual processing, the ventral 
stream (cortical pathways that connect the primary visual cortex with the inferior 
temporal lobe) and the dorsal stream (cortical pathways that connect the primary 
visual cortex with the posterior parietal lobes), process visual information in different 
ways. This model offered by Milner and Goodale stated that the ventral stream is 
concerned with the identification and selection of an appropriate course of action; 
whereas, the dorsal stream is concerned with the real-time visual control of skilled 
actions. Milner and Goodale’s (1995) representational view of perception and their 
separation of perception and action conflicts with the central assumption of 
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ecological psychology: the fundamental coupling of perception and action (for a 
detailed discussion see Michaels, 2000; Michaels, Withagen, Jacobs, Zaal, & 
Bongers, 2001). Michaels (2000) therefore questioned whether the separation of 
vision into two functionally distinct pathways could be useful for ecological 
psychologists and concluded that a distinction between perception as awareness of an 
environmental property and perception for the online control of action may be a 
useful one. Additionally Michaels suggested that the difference between these 
systems may lie in: the information they use, the mechanisms of information 
detection, principles of learning, the timescale over which they operate, and level of 
explicit knowledge. 
This notion of judgement and action responses having a different 
informational basis has also been observed in the study of catching behaviour. Peper, 
Bootsma, Mestre and Bakker (1994) examined perception of passing distance 
requiring participants to judge and catch balls. It was suggested that, while sideward 
arm movements in catching were regulated by gearing the movement velocity to 
instantaneous information specifying the required velocity, estimations of passing 
distance did not appear to rely on the available optical information specifying future 
passing distance. Peper et al. concluded that estimating future passing distance did 
not reflect the way human actors operate in catching, as it had a different 
informational basis. 
To summarise, studies comparing discrete tasks with different affordances 
have supported the use of IT as a metric of affordance perception (Stins & Michaels, 
1997, 2000). These discrete tasks used in many affordance investigations can be 
viewed as snapshots within regions of afforded behaviour. However, within a given 
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task multiple nondiscrete regions exist (Pepping & Li, 2005). Examining IT and 
affordance perception in overhead reaching, Pepping and Li compared two extremes 
of a reach action, i.e. standing reach and reach-and-jump. However, as highlighted in 
their discussion, the reality of the task is that the distinction between the two 
affordances is less obvious: in the case of overhead reaching, as the required reach 
height approaches the maximum standing reach height, performers begin to exploit 
additional degrees of freedom until finally a boundary exists where an alternative 
reach-and-jump response is utilised. This led Pepping and Li (2005) to advocate that 
preferred and maximum action-boundaries should be viewed as special cases within 
regions of afforded behaviour (see also Stoffregen, 2000). This raises the question: 
what happens to IT across these regions of afforded behaviour and in particular 
across an action-boundary? 
 
3.0.2 Perceiving Action-Boundaries 
In Chapter 2 it was shown that affordances are determined by the fit between 
properties of the environment and properties of an action system (Gibson, 1986). As 
the fit between these properties is varied optimal regions emerge where a given 
action is most comfortable or efficient, and critical points emerge where the limits on 
an action are met causing a shift or transition to a qualitatively different action. This 
critical point of transition is commonly referred to as the action-boundary. Moreover, 
evidence was presented demonstrating  that individuals are able to perceive the 
location of their action-boundaries with a high degree of accuracy in a variety of 
tasks ranging from stair-climbing (Cesari, Formenti, & Olivato, 2003; Mark, 1987; 
Warren, 1984), and walking through apertures (Wagman & Taylor, 2005; Warren & 
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Whang, 1987), to reaching and grasping actions (Cesari & Newell, 2002; Choi & 
Mark, 2004; Gardner, Mark, Ward, & Edkins, 2001; Mark et al., 1997; Newell, 
McDonald, & Baillargeon, 1993; Newell, Scully, McDonald, & Baillargeon, 1989; 
Newell, Scully, Tenenbaum, & Hardiman, 1989).  
The perception of an action-boundary can also be influenced by several 
factors. Examining the effects of anxiety on perceiving the reachability of passing 
objects Bootsma, Bakker, van Snippenberg and Tdlohreg (1992) found anxiety 
affected the accuracy with which the information specifying the affordance was 
detected, that is it reduced the degree of sensitivity to the action-boundary. Pijpers, 
Oudejans, Bakker and Beek (2006) also revealed an effect of anxiety on affordance 
perception in wall climbing. Anxiety (climbing on a route raised 3.60m from the 
ground) was found to reduce both perceived and actual maximal reach height. Note 
that although this is a lowering of the action-boundary, the decrease in maximal 
reach height results in a more conservative and thus safer climb. This functional 
relationship, between actual and perceived action capabilities, was replicated in an 
investigation of the effects of fatigue on climbability (Pijpers, Oudejans, & Bakker, 
2007). Only when the observers action capabilities were affected (e.g. when 
exhausted) was the perception of action possibilities also affected. These studies 
indicate that the location of the perceived action-boundary is sensitive to changes in 
task demands. This raises the question of whether IT is also sensitive to the location 
of the perceived action-boundary, and may also suggest that effects of affordance 
perception on IT may be more pronounced at the action-boundary. 
Additionally, active exploration has been shown to significantly improve 
sensitivity to action-boundaries (Mark, 1987; Oudejans, Michaels, Bakker, & Dolne, 
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1996; Pepping & Li, 2008). On investigating the perception of catchableness of fly 
balls, Oudejans et al. (1996) observed that running actions prior to making perceptual 
judgments about the catchableness of fly balls improve these judgments significantly. 
The running movement is thought to have played a functional role in the perception 
of the affordance, by providing catchers with optical information required to 
determine whether the ball afforded catching. Moreover, Pepping and Li (2008) 
examined participants’ judgments of maximum jump-and-reachability on ground 
surfaces with different elastic properties. Manipulating the extent to which 
participants were able to engage in haptic exploration of the surfaces demonstrated 
that perceptual performance is degraded when spontaneous exploratory movement is 
restricted. It appears that as performers move and explore their surrounding 
environment critical information may be gathered, enabling them to become better 
attuned to their own action-boundaries and to the action opportunities available. 
These observations that participation in a task improves affordance perception also 
raises the question as to whether IT is sensitive to such changes, that is does IT 
change after task exploration?  
To summarise, the ecological approach suggests that the informational 
invariants in the perceptual array specify a one to one mapping with opportunities for 
afforded action, and that performers are able to perceive this information. In two 
separate fields of investigation: IT has been suggested as a means of quantifying the 
ease with which an affordance is perceived, on the basis that information specifying 
some affordances may be faster or easier to detect than others; meanwhile, varying 
the actor-environment fit has been shown to lead to the emergence of optimal regions 
of afforded action, where a given action is preferred or most energetically efficient, 
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and critical points, where an action-boundary is met causing a transition to an 
alternative action. Combined these approaches would suggest that differences in 
information detection will occur across the continuum of afforded action.  
 
3.0.3 The Present Study 
In a series of experiments investigating the effect of affordance perception on 
the time taken to initiate and perform an action, three specific questions were 
addressed:- i) is IT sensitive to the continuum of afforded action associated with 
crossing an action-boundary?; ii) does this sensitivity change with repeated trials?; 
and finally, iii) does the effect of affordance perception on action-timing extend 
beyond IT to influence MT?  It is hypothesised that when the affordance relationship 
is manipulated, by varying action-scaled properties, action-timing will also vary. 
Specifically, the prediction is that IT will be different around the critical action-
boundary than at the preferred regions either side of the boundary.  
Directly comparing ITs of responses that result from different movements can 
be problematic (Pepping & Li, 2005; Stins & Michaels, 1997). IT differences could 
be due, not only to the extent of information-movement coupling, but to differing 
task demands (such as the force and velocity required) or to the degrees of freedom 
involved in the response and the differing amounts of time required to tune the 
appropriate task-specific device (Bingham, 1988). As a result, these predominantly 
biomechanical factors may mask the effect affordance perception has on IT. To 
separate perceptual effects from biomechanical effects, the task of posting a ball 
through an aperture was selected for the present study. The task required participants 
to make movements dependent upon whether they perceived an aperture as affording 
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ball posting or not. Action-scaling was manipulated by varying the size of the 
aperture; this ensured that the essence and complexity of the response movements 
did not change with action-scaling, only the extent to which the given action was 
afforded.   
 
3.1 EXPERIMENTS 1A AND 1B 
Examining the effect of affordance perception on the time taken to initiate an 
action, Experiment 1A tested whether IT is sensitive to the continuum of afforded 
action associated with crossing an action-boundary. It was hypothesised that if IT is 
sensitive to the ease of affordance perception (Stins & Michaels, 1997, 2000) then as 
the affordance continuum is crossed, from non-afforded
1
 to afforded action, the 
nature of the continuum would be reflected in the IT distribution. This would be 
supported by increased, and more variable, ITs at the action-boundary, the critical 
ratio at which an action is no longer afforded and the transition to another 
qualitatively different action occurs. Conversely, shorter, more stable ITs would be 
observed on either side of the action-boundary. 
To determine whether the pattern and distribution of ITs around the action-
boundary changes with repeated trials, Experiment 1B examined the relation between 
affordance perception and IT over three consecutive days. It was predicted that as 
task familiarity increased across sessions any changes in task performance, e.g. 
changes in the location of the perceived action-boundary, would be accompanied by 
an effect on the pattern and variability of the IT distribution. 
                                                 
1
 In the present context, ‘non-afforded’ is used not to infer an entire lack of afforded action, but rather 
to indicate that the specific action of ball-posting is not afforded.  
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Finally, to establish whether IT patterns are task dependent, two task 
conditions were employed: one, a reaching action, required movements that 
corresponded to the afforded action, and the other, a judgement condition, required 
button pressing responses corresponding with perceptions of the affordance. 
 
3.1.1 Method 
Participants were presented with a series of circular virtual apertures and 
asked whether a small ball (diameter 30mm) could be posted through the aperture 
presented. Dependent upon the participants’ perception of postability, they were 
asked to perform one of two actions. One action was a postable response (the 
aperture afforded ball posting) and the other an unpostable response (the aperture did 
not afford ball posting). The mode of task response was compared by dividing 
participants into two response groups: a) the mouse movement group, where 
participants moved a computer mouse toward the aperture in the case of a postable 
response or away from the screen in the case of an unpostable response; and b) the 




Fifteen right-handed participants with normal or corrected-to-normal vision 
volunteered to take part in the experiment. The participants mean age was 19.7 years 
with a standard deviation of 1.2 years. An independent groups design was employed 
with semi-randomised allocation of participants, matched for gender, to the mouse 
movement group (n=7) and the keypress group (n=8). The study was conducted in 
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accordance with local ethics committee guidelines. All participants gave written 
informed consent prior to participation and were made aware that they were free to 
withdraw from the experiment at any time and without any need to give any 
explanation if choosing to do so. 
 
3.1.1.2 Equipment and Data Recording 
Participants were seated behind a table displaying the experimental set-up. A 
computer monitor, positioned on the table in front of participants and at arm’s length 
from them, was used to display a series of virtual apertures. Next to the monitor a 
table-tennis ball measuring 30mm in diameter was fixed to the surface of the table.  
The experimental task was developed, in LabVIEW 7.1 software (National 
Instruments), to perform automated aperture selection and display whilst 
simultaneously recording IT and type of response made. The virtual apertures were 
presented individually, in the centre of the monitor, as a white circle on a black 
background. Twenty different aperture sizes were used; with the diameter of the 
aperture varying in size from 3mm to 60 mm, using 3mm intervals. The actual ball 
size was 30mm, resulting in apertures ranging from 27mm smaller than the ball to 
30mm larger than the ball. In addition to the aperture a small box-shaped outline 
(15mm x 150mm), marked “ready”, was presented horizontally on the computer 
screen below the aperture position. 
For the mouse movement group, a standard computer mouse was positioned 
centrally on the table top 10cm in front of the participant. The experiment was 
programmed to run when the mouse cursor was positioned within the box marked 
“ready”. On presentation of an aperture responses were made by moving the mouse, 
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thus moving the corresponding cursor, out of the ready area. A postable response was 
made by moving the mouse forward, towards the screen (as if posting the ball 
through the aperture), moving the corresponding cursor outside the upper edge of the 
box. An unpostable response was made by moving the mouse backward, towards the 
participant (moving away from the aperture), moving the corresponding cursor 
outside the lower edge of the box. For the keypress group, a standard QWERTY 
keyboard was positioned on the table top 10cm in front of the participant in such a 
way so as to ensure that the numeric keypad was aligned with the centre of the 
screen. The keys marked “8” and “2” on the numeric keypad were relabelled to 
create “yes” and “no” buttons, with the “yes” button being positioned directly above 
the “no” button. Between trials participants were asked to rest their index finger on 
the “5” key which is situated directly in-between and equidistant from the “8” and 
“2” keys on the numeric keypad. 
Initiation time was recorded, in milliseconds (ms), as the time between the 
presentation of a virtual aperture on the computer screen and either: i) the moment 
the mouse cursor crossed outside the boxed area marked on the screen (mouse 
movement group); or ii) the moment either the “yes” or “no” button was pressed 
(keypress group). In addition to IT, the experimental task program also recorded the 
nature of the action response: for the mouse movement group this was dependent 
upon which side of the box area was crossed, and for the keypress group which 








Participants were informed that the experiment required them to make 
judgments on whether they would be able to fit the table tennis ball, displayed at the 
side of the computer monitor, into various sized holes to be presented on the 
computer screen. The instructions for both experimental conditions were presented to 
participants on standardised instruction sheets. For the mouse movement group, the 
instructions were: “if you believe that the ball will fit into the hole you should move 
the mouse toward the screen (as if posting the ball in the hole), whereas, if you 
believe that the ball will not fit into the hole you should move the mouse backwards, 
towards your body (and away from the hole)”. The instructions for the keypress 
group were: “if you believe that the ball will fit into the hole you should press the 
“yes” button, whereas, if you believe that the ball will not fit into the hole you should 
press the “no” button”. In addition both groups were instructed to move as quickly 
and accurately (as in produce an accurate response) as possible. Ten practice trials 
were given to familiarise participants with the task. If at any point participants 
wished to stop between trials they were informed to move the mouse out of the 
“ready area”, or for the keypress group a mouse located behind the monitor, and the 
program would pause until they were ready to continue.  
All participants performed three repeated testing sessions conducted over 
consecutive days. For each session apertures were presented in a randomised order 
over 5 blocks of 20 trials, 10 sets were performed with a standardised 2 minute break 
between sets 1-5 and 6-10 and a 5 minute break between sets 5 and 6. This resulted 
in participants performing 3000 trials (20 apertures x 5 repetitions x 10 sets x 3 
days). Participants received no feedback on the accuracy of their response during the 
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testing. To prevent participants analysing their response selection, the aperture 
disappeared immediately after the participant’s response was registered; if after a 
maximum of 3 seconds no response was registered the aperture disappeared and the 
program proceeded on to the following trial. 
 
3.1.1.4 Data Screening and Analysis 
Investigating initial affordance perception Experiment 1A examined only the 
first 20 trials for each aperture size, that is, the first 400 trials performed by each 
participant (20 apertures x 5 trials x 4 sets). In Experiment 1B all 1000 trials from 
each of the three days of testing were included, to determine whether affordance 
perception and IT change with repeated trials. As a result, day was included as an 
extra independent variable in Experiment 1B.  
The variables analysed were percentage of correct responses, the location of 
the perceived action-boundary, the degree of sensitivity to the perceived action-
boundary and IT (from moment of aperture presentation until the registration of the 
response movementsee Equipment and Data Recording). Output from the task 
program gave the aperture size, IT and the type of response made (i.e. 
postable/unpostable). The percentage of correct responses was determined using 
absolute ball size dimensions, where apertures larger
2
 than 30mm (the actual ball 
size) were deemed to afford ball posting and apertures smaller than 30mm did not 
afford ball posting. The aperture sizes were subsequently action-scaled by dividing 
each of the 20 aperture sizes measured in millimetres by the actual ball size of 
30mms. This led to a series of dimensionless pi numbers ranging from 0.1 to 2 
                                                 
2
 Note that apertures the same size as the ball were categorised as not affording ball posting, as the 
ball could not be passed through an aperture identical in size to it. 
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forming an intrinsic measure of aperture-size as a proportion of actual ball size (c.f. 
Chapter 2, section 2.2.1, for an introduction to intrinsic scaling).  
To examine the location and sensitivity of the perceived action-boundary, the 
percentage of trials in which participants perceived the aperture as affording ball 
posting was calculated for each of the 20 aperture ratios. An accurate measure of the 
critical point (the location of the perceived action-boundary) and of the slope of the 
curve at that point (the degree of sensitivity to the action-boundary) were obtained by 
fitting the data for each individual participant with a logistic equation, Equation 3.1 
(cf. Bootsma, Bakker, van Snippenberg, & Tdlohreg, 1992). Where 100 is the 
maximum percentage, x is the aperture ratio (virtual aperture size/ball size), c is the 
50% point (at which participants indicated that 50% of the apertures were deemed as 
affording/did not afford ball posting), and k is a measure of the slope of the curve. 
The slope at the 50% point (-25 times the k value) indicates the steepness of the 
curve at the perceived action-boundary, providing a measure of the abruptness of the 
change from unpostable to postable responses, and was calculated by differentiating 









__   (Equation 3.1) 
  
Trials with IT values less than 200ms and greater than 3sec were removed 
from the analysis. For all participants combined, this totalled 20 trials in the mouse 
movement group (0.71%) and 40 trials in the keypress group (1.25%) for Experiment 
1A; and 52 trials in the mouse movement group (0.25%) and 132 trials in the 
keypress group (0.55%) for Experiment 1B. 
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3.1.2 Results Experiment 1A: Effects of Action-Scaling 
Response accuracy compared between the two groups, using an independent 
samples t-test with group as the independent variable, confirmed no significant effect 
of group on the percentage of correct responses t (13) = -1.86, ns. Participants in both 
groups achieved a high percentage of correct responses: mouse movement 
(M=89.43%, SE=5.39) and keypress  (M=93.56%, SE=3.09).  
 
3.1.2.1 Perceived Action-Boundary 
The perceived action-boundary results are summarised in Figure 3.1A. The 
perceived action-boundary was defined as the aperture ratio at which participants 
indicated that 50% of the apertures were deemed as affording/did not afford ball 
posting. This ratio was obtained for each individual participant by fitting the data 
with Equation 3.1. The curve fitting provided an accurate fit for the data, as 
evidenced by Root Mean Square Error (RMSE), which provides a measure of the 
extent to which the data deviate from the curve of best fit. The difference between 
the groups, in terms of RMSE of the curve fitting procedure was tested using an 
independent samples t-test, with group as the independent variable. No significant 
effect of response group was found on the RMSE of the curve fitting procedure, t 
(13) = 1.52, ns. RMSE was on average 27.70 (SE=15.95) for the mouse movement 
group and 5.09 (SE=1.22) for the keypress group.  
Independent samples t-test performed on the location of the 50% perceived 
action-boundary, with group as the independent variable, revealed no significant 
effect of response group on the 50% boundary, t (13) = -1.50, ns. The mean 
perceived action-boundary for the mouse movement group was 0.91 (SE=.04) and for 
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the keypress group 0.98 (SE=.04). These values indicate that, in both response 
groups, participants slightly overestimated the affordance (by between 0.6–3mm), 
that is, cases where the aperture was too small to allow ball posting were perceived 
as affording ball posting.  
The steepness of the curve at the 50% point, again compared by independent 
samples t-test, found no significant effect of group on the slope t (13) = -.60, ns. The 
mean slope for the mouse movement group was 517.55%/action-scaled aperture size 
(SE=78.50) and for the keypress group 591.34%/ action-scaled aperture size 
(SE=91.77). As the steepness of the curve reflects the degree of sensitivity to the 
action-boundary, the slope values observed in both response groups indicate a high 
degree of sensitivity to the action-boundary: that is, participants appeared to perceive 
the transition from unpostable to postable responses as an abrupt change.  
 
3.1.2.2 Initiation Time Relative to Action-Scaled Ratio: Independent of Response 
Mean IT was analysed as a function of action-scaled ratio (virtual aperture 
size/ball size); a summary of these results can be seen in Figure 3.1B. Mixed 
ANOVA with ratio as a repeated-measure (with twenty levels, one for each ratio 
value) and response group as a between-group variable (with two levels, mouse 
movement and keypress) revealed no main effect of response group on IT F (1, 13) < 
1, ns. The mean IT for the mouse movement group was 686.63ms (SE=43.30) and 
for the keypress group 715.14ms (SE=40.50).  
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Figure 3.1. a) Mean percentage perceived postable (across all participants) as a 
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Mouse Movement 0.90 -12.0 9.4
Keypress 0.98 -12.2 3.3
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(obtained by fitting Equation 3.1 to the mean values). The critical action-boundary 
(c), slope (k) and RMSE values of the logistic functions are displayed in the table. 
The point at which the trend lines cross the horizontal dashed line indicates the 50% 
perceived action-boundary (data below the line indicate a preference for unpostable 
responses and data above the line indicate a preference for postable responses). The 
solid vertical line indicates the aperture ratio at which the virtual aperture is equal to 
the ball size. b) Mean initiation times in milliseconds (calculated as the average of 
individual participant mean values). c) Average within participant standard 
deviations (in milliseconds) for each aperture ratio in Experiment 1A. 
 
Application of the Greenhouse-Geisser correction
3
 revealed a significant 
main effect of ratio on IT F (2.64, 34.31) = 17.08, p<.001, partial 
2
 = .57. 
Polynomial contrasts revealed a significant quadratic trend of the ratio value on IT F 
(1, 13) = 59.29, p<.001, partial 
2
 = .82, indicating that IT means exhibited a 
curvilinear pattern. Initiation time increased as the ratio value increased, until a peak 
IT was reached at a ratio value of 0.9 after which point, as the ratio value continued 
to increase, IT decreased towards levels similar to those observed at the lowest ratio 
value, mirroring the pattern of mean ITs observed prior to the peak (see Figure 3.1B). 
This finding demonstrates that the peak of the IT curve occurs at a ratio of 0.9, which 
coincides with the location of the perceived action-boundary. As such the longest ITs 
are observed around the perceived action-boundary and shorter ITs are observed 
either side of the boundary. There was no significant ratio × response group 
interaction on IT F (2.64, 34.3) < 1, ns. 
Variability of individual participant IT was examined using the within 
participant standard deviation (SD); see Figure 3.1C for a summary. Mixed ANOVA, 
identical to analysis of mean IT, revealed no main effect of response group on within 
participant IT variability F (1, 13) < 1, ns. The average within participant IT 
                                                 
3
 In Experiments 1A and 1B the assumption of sphericity was violated for the repeated-measure of 
ratio, this was adjusted using the Greenhouse-Geisser correction. 
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variability for the mouse movement group was 218.22ms (SE=27.52) and for the 
keypress group 251.24ms (SE=25.74). A significant main effect of ratio on within 
participant IT variability F (5.06, 65.81) = 8.59, p<.001, partial 
2
 = .40 was found. 
The significant quadratic trend, F (1, 13) = 27.76, p<.001, partial 
2
 = .68, indicated 
that IT variability exhibited the same curvilinear pattern as mean IT (see Figure 
3.1C). In addition this trend demonstrated that peak variability, occurring at a ratio of 
0.9, also coincides with both the location of the perceived action-boundary and the 
peak of the mean IT curve. This finding suggests that participants’ initiations are 
most variable around the action-boundary and are more stable either side of the 
boundary. There was no significant ratio × response group interaction on within 
participant IT variability F (5.06, 65.81) < 1, ns. 
Taken together these findings indicate that the longest and most variable ITs 
are observed around the perceived action-boundary, that is the point at which 
participants’ perceived the aperture as affording ball posting in 50% of trials.  
In order to determine whether the increase in IT is linked to response 
accuracy the relationship between mean IT and the mean percentage of correct 
responses (% correct) was tested using correlation analyses. There was a significant 
negative relationship between the mean % correct and mean participant IT for the 
mouse-movement group (r = -.75, p (one tailed) <.01); the mean % of correct 
responses accounted for 57% of the variance observed in the mean IT of the mouse-
movement group. A significant negative relationship between the mean % correct 
and mean participant IT was also found for the keypress group (r = -.87, p (one 
tailed) <.01); the mean % of correct responses accounted for 76% of the variance 
observed in the mean IT of the keypress group.  
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These correlations indicate that as the percentage of correct responses 
decreased, mean IT increased. This relationship does not however indicate causality; 
it may be that as participants become less sure of their response the time it takes 
them to initiate the action increases, it could also be the case that incorrect responses 
exhibit longer ITs than correct responses and as the number of incorrect responses 
increases (i.e. the percentage of correct responses decrease) the mean IT across all 
trials appears to increase. A direct comparison of the IT of correct vs incorrect 
responses cannot be made because of the unequal numbers of trials available for each 
aperture. However, thus far the analysis has examined IT independent of response. It 
is proposed that investigating only the correct responses and subdividing the data 
into positive (afforded) and negative (nonafforded) responses may create further 
insight into the nature of the IT effect. 
 
3.1.2.3 Initiation Time Relative to Action-Scaled Ratio: Response Dependency 
Data were divided into two groups according to whether responses indicated 
the ball posting action was afforded, i.e. the postable and “yes” responses; or not 
afforded, i.e. unpostable and “no” responses. Different percentages of afforded/non-
afforded responses for each aperture-fit led to differing numbers of trials available 
for each action-scaled ratio. 
 
Responses indicating ball posting was not afforded:  
Mean IT for unpostable responses (did not afford ball posting) were analysed 
as a function of ratio, over the nine smallest action-scaled ratios (ranging from 0.1 to 
0.9); a summary can be seen in Figure 3.2.  





Figure 3.2. Mean initiation times, calculated as the average of individual participant 
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Mixed ANOVA, with ratio as a repeated-measure (nine levels, one for each 
ratio/pi-no. value from 0.1 – 0.9) and response group as a between-group variable 
(two levels) revealed no main effect of group on the IT of unpostable responses F (1, 
13) < 1, ns. The mean IT of unpostable responses for the mouse movement group 
was 758.18ms (SE=49.61) and for the keypress group 745.13ms (SE=46.41). A 
significant main effect of ratio on IT of unpostable responses, F (2.54, 33.05) = 
21.07, p<.001, partial 
2
 = .62, was found. Polynomial contrasts revealed a 
significant linear trend of the ratio value on the IT of unpostable responses F (1, 13) 
= 41.37, p<.001, partial 
2
 = .76, indicating that mean ITs for unpostable responses 
decreased from ratio 0.9, at the action-boundary, (M=1036.18ms, SE=74.46) to ratio 
0.1, the smallest ratio value (M=654.28ms, SE=35.85), where participants could 
more easily perceive that the posting action was not afforded (see Figure 3.2). There 
was no significant ratio × response group interaction on IT of unpostable responses F 
(2.54, 33.05) < 1, ns. 
 
Responses indicating ball posting was afforded:  
Mean IT for postable responses (afforded ball posting) were analysed as a 
function of ratio, over the ten largest action-scaled ratios (ranging from 1.1 to 2); a 
summary of these results can be seen in Figure 3.2. Mixed ANOVA, with ratio as a 
repeated-measure (ten levels, one for each ratio/pi-no. value from 1.1–2) and 
response group as a between-group variable (two levels) revealed no main effect of 
group on the IT of postable responses F (1, 13) < 1, ns. The mean IT of postable 
responses for the mouse movement group was 608.86ms (SE=46.99) and for the 
keypress group 659.54ms (SE=43.96). A significant main effect of ratio was 
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observed on IT of postable responses: F (1.40, 18.26) = 9.15, p<.005, partial 
2
 = .41. 
A significant linear trend of the ratio value on the IT of postable responses, F (1, 13) 
= 13.77, p<.005, partial 
2
 = .51, indicated mean ITs for postable responses 
decreased from ratio 1.1, at the action-boundary, (M=837.86ms, SE=90.85) to ratio 2, 
the largest ratio value, (M=568.93ms, SE=22.12) where the posting action/affordance 
was more easily perceived (see Figure 3.2). There was no significant ratio × response 
group interaction on IT of postable responses F (1.40, 18.26) < 1, ns. 
The main finding of Experiment 1A is the effect of afforded-fit on IT, both 
mean and within participant SD. When analysed independent of response, mean IT 
peaks at the perceived action-boundary and is significantly shorter on either side of 
the action-boundary. When separated and analysed dependent upon response, IT 
follows a decreasing linear trend for all of the action-scaled ratio values between the 
action boundary and the extremes of the affordance scale. 
 
3.1.3 Results Experiment 1B: Effects of Repeated Testing Sessions  
Participants maintained a high percentage of response accuracy on all three 
days of testing; the mean percentage of correct responses (and standard error) for 
days 1-3 were:  91.28% (SE=1.28), 90.70% (SE=1.79) and 90.26% (SE=1.89), 
respectively. Mixed ANOVA, with day as a repeated-measure (three levels, one for 
each testing session) and response group as a between-group variable (two levels, 
mouse movement and keypress), showed no main effects of group (F (1, 13) < 1, ns), 
or day (F (2, 26) < 1, ns) and no significant day × group interaction on the percentage 
of correct responses (F (2, 26) < 1, ns). 
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3.1.3.1 Perceived Action-Boundary 
Summaries of the perceived action-boundary results are presented in Figure 
3.3. The perceived action-boundary, the aperture ratio at which 50% of the apertures 
were deemed as affording ball posting, was obtained for each individual participant 
for all three testing sessions by fitting the data with Equation 3.1. The Root Mean 
Square Error (RMSE) of the curve fitting procedure was tested using a mixed 
ANOVA, with day as a repeated-measure (three levels) and response group as a 
between-group variable (two levels). No main effect of response group, F (1, 13) = 
4.24, ns, or day, F (2, 26) < 1, ns, was found on the RMSE of the curve fitting 
procedure and no day × group interaction, F (2, 26) = 1.25, ns. RMSE was on 
average 10.94 (SE=2.8) for the mouse movement group and 3.59 (SE=2.21) for the 
keypress group.  
A mixed ANOVA performed on the location of the 50% perceived action-
boundary, with day as a repeated-measure (three levels) and response group as a 
between-group variable (two levels) revealed no main effect of group, F (1, 13) = 
2.17, ns. There was a significant main effect of day on the 50% boundary, F (2, 26) = 
8.52, p<.001, partial 
2
 = .45. Polynomial contrasts revealed a significant linear trend 
(F (1, 13) = 12.67, p<.005, partial 
2
 = .49) indicating that the ratio value of the 50% 
boundary increased linearly from Day 1 (M=.96, SE=.030) to Day 2 (M=1.00, 
SE=.038) and finished at the highest value on Day 3 (M=1.02, SE=.040). There was 
no day × group interaction F (2, 26) < 1, ns. To interpret this finding: both groups 
exhibited a change in location of the perceived action-boundary across the three days 
of testing. Participants began by overestimating the affordance, apertures too small to 
allow ball posting were incorrectly perceived as affording ball posting; whereas by 
Chapter 3: Initiation & Actualisation of Action 
 
 55 
day three participants were instead more conservative, and more apertures that did 
allow ball posting were incorrectly perceived as not affording ball posting. 
The steepness of the curve at the 50% point, compared using the same mixed 
ANOVA, revealed no main effect of group (F (1, 13) < 1, ns), or day (F (2, 26) < 1, 
ns) and no day × group interaction (F (2, 26) < 1, ns). The high slope values 
observed in both response groups indicate a high degree of sensitivity to the action-
boundary: that is, on all three days of testing participants appeared to perceive the 
transition from unpostable to postable responses as an abrupt change: Day 1 
(M=616.09, SE=88.44), Day 2 (M=713.68, SE=154.57) and Day 3 (M=573.29, 
SE=64.39) %/action-scaled aperture size. 
 
3.1.3.2 Initiation Time Relative to Action-Scaled Ratio: Independent of Response 
Summaries of mean IT as a function of action-scaled ratio can be seen in 
Figure 3.3. A mixed ANOVA with the repeated-measures ratio (twenty levels) and 
day (three levels) and the between-group variable response group (two levels) 
revealed no main effect of group: F (1, 13) < 1, ns. However, there was a significant 
main effect of day on mean IT: F (2, 26) = 5.50, p<.05, partial 
2
 = .30. Polynomial 
contrasts revealed a significant linear trend, F (1, 13) = 10.84, p<.01, partial 
2
 = .46, 
with mean IT decreasing across days. Participants were slowest on Day 1 
(M=676.48ms, SE=28.72), reacting more quickly on Day 2 (M=645.56ms, 
SE=26.99), and responding the fastest by Day 3 (M=602.29ms, SE=21.15), indicating 
that performing repeated trials resulted in a significant decrease in mean IT.  
Confirming the findings of Experiment 1A, a significant main effect of ratio 
was observed on mean IT (F (2.09, 27.15) = 17.15, p<.001, partial 
2
 = .57). 












Figure 3.3. Mean percentage perceived postable as a function of aperture ratio 
(uppermost graphs); and mean initiation times (in milliseconds) for each aperture 
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Day 1 0.92 -10.8 21.6
Day 2 0.99 -9.1 29.2
Day 3 0.99 -8.5 27.7
c k MSE
Day 1 1.00 -11.4 2.7
Day 2 1.05 -8.5 6.6
Day 3 1.09 -8.3 5.0
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The significant quadratic trend, (F (1, 13) = 137.78, p<.001, partial 
2
 = .91), repeats 
the findings of Experiment 1A that mean IT exhibits a curvilinear pattern (see Figure 
3.3). 
A significant day × ratio interaction effect on mean IT was detected: F (5.43, 
70.61) = 3.34, p<.01, partial 
2
 = .20. Contrasts revealed the interaction between day 
and ratio value was a significant linear effect: F (1, 13) = 10.66, p<.01, partial 
2
 = 
.45. Inspection of the interaction plots indicated that the quadratic IT curve changed 
across days. Specifically, the curve peaked at a ratio of 0.9 on days 1 and 2, whereas, 
the peak occurred at a ratio of 1 on day 3. This change in the peak corresponds with 
the change in location of the perceived action-boundary observed across the three 
days; therefore the peak of the IT curve remains coupled to the location of the 50% 
perceived action-boundary. In addition, the shape of the IT distribution also changed 
across sessions, either through a lowering of the peak value, or a narrowing of the 
shape of the peak. Examples of this interaction effect are illustrated in Figure 3.4 
which depicts the action-boundary and mean IT data of two typical participants from 
the mouse movement condition. 
Variability of individual participant IT was examined using the within 
participant standard deviation (SD). Mixed ANOVA, identical to analysis of mean 
IT, revealed no main effect of response group (F (1, 13) < 1, ns), or day (F (2, 26) = 
1.68, ns) on the within participant IT SD. A significant main effect of ratio was 
observed on the within participant IT SD (F (3.69, 47.97) = 11.76, p<.001, partial 
2
 
= .48). The significant quadratic trend (F (1, 13) = 166.93, p<.001, partial 
2
 = .93) 
repeated the findings of Experiment 1A that IT variability exhibits a curvilinear 
pattern. No day × ratio interaction was found (F (14.70, 191.06) = 1.46, ns). 












Figure 3.4. Perceived action-boundary curves (uppermost graphs) and the initiation 
time profiles (lower graphs), for two participants from the mouse movement group of 
Experiment 1B. The participant on the left maintained the perceived action-boundary 
at a ratio of 1 and reduced the initiation time at the boundary across testing sessions. 
The participant on the right changed their perceived location of the action-boundary, 
moving towards a value of 1, on the last testing session. At the same time their peak 
initiation time changed location, mirroring the action-boundary. The shape of the 
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In addition to supporting the findings of Experiment 1A, the key findings of 
Experiment 1B are threefold. Firstly, the location of the perceived action-boundary 
changed across sessions: that is, the perceived action-boundary increased linearly, 
equating to less overestimation of the posting affordance. Secondly, IT decreased 
over time; meaning affordance perception became quicker across sessions. And 
finally, the peak of the IT profile shifted in accordance with the change in location of 
the perceived action-boundary. This last result provides further support for the 
findings of Experiment 1A, that longest ITs, and thus the slowest affordance 
perception, correspond with the location of the perceived action-boundary. 
Moreover, this suggests that when used to quantify affordance perception, IT is 
highly sensitive to changes in location of the perceived action-boundary. In sum; the 
results indicate systematic changes in IT and the perceived action-boundary over 
sessions. 
 
Experiments 1A and 1B provided evidence to support the hypothesis that 
differences observed in IT reflect the extent to which an action is afforded and 
whether that affordance is perceived (Michaels, 1988). In terms of what is meant by 
the extent to which an action is afforded, Stins and Michaels (1997) interpreted this 
as the extent to which the available information can guide the action. This 
proposition is in line with Gibson’s (1986) consideration of affordances as the basis 
for the ongoing guidance of movement.  
An ecological approach suggests that informational invariants have a one to 
one mapping with afforded action opportunities (i.e. they specify those affordances), 
and that performers are able to detect this information and use it in the guidance of 
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ongoing action. The implication is that as the information-movement coupling differs 
so too does the action produced, with subtle changes in the coupling resulting in 
subtle changes in the action response. This ecological approach leads to the 
prediction that the effects observed in Experiments 1A and 1B may not be limited to 
IT but also have implications for the movement itself. Experiment 2 explored the 
informational basis of actions, that is, the manner in which available information 
actually affects the action. 
 
3.2 EXPERIMENT 2 
In Experiment 1 participants made judgements by performing response tasks 
that required button pressing or mouse-movement actions. Of course, it is important 
to note that moving as if posting the ball is not the same as actually performing the 
action. In particular, as participants did not actually hold the ball the perceptual 
information available to them was reduced and more importantly they would not 
have created any guiding information while moving (as he or she would when 
reaching for an object or placing a cup on a table). In Experiment 2, actions requiring 
actual movement of the ball were utilised, replacing the response tasks employed in 
Experiment 1. The effects of extent of affordance perception were examined on two 
aspects of the action: the time taken to initiate action, IT, and the time taken to 
perform the movement, MT. Additionally, to manipulate the perception-action 
coupling, real actions, moving the ball towards the aperture, were compared with 
movements made to target markers. The aim of Experiment 2 was to determine 
whether the influence of information-movement coupling, on the time taken to act on 
an affordance, extends beyond IT to influence MT. 




As in Experiment 1 participants were presented with a series of circular 
virtual apertures and asked whether a small ball (diameter 30mm) could be posted 
through the apertures presented. These actions were made in two response 
compatibility conditions: a) the reach condition, where participants moved the ball 
toward the virtual aperture in the case of a postable response or away from the screen 
in the case of an unpostable response; and b) the marker condition, where 




Eight right-handed participants with normal or corrected-to-normal vision 
volunteered to take part in the experiment. The participants mean age was 21.6 years 
with a standard deviation of 2.6 years. A repeated-measures design was employed 
with condition order counterbalanced across participants. The study was conducted 
in accordance with local ethics committee guidelines. All participants gave written 
informed consent prior to participation and were aware they were free to withdraw 
from the experiment at any time. 
 
3.2.1.2 Equipment and Data Recording 
As in Experiment 1, participants were sat behind a table with a computer 
monitor positioned at arms length from them. On this occasion participants held a 
plastic table tennis ball between the thumb and fingers of their right hand. Each trial 
began with participants resting the ball on a start position located directly in front of 
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them, at a distance of 10cm from the edge of the table (see Figure 3.5). In the reach 
condition a marker was positioned on the corner of the table surface to the right of 
the participant (23cm from the start marker). This was used as the destination area 
for unpostable responses, while the postable responses were made towards the 
screen. In the marker condition two yes/no markers (measuring 2cm x 2cm) were 
positioned on the table 10cms in front of the start position; the markers were 13cms 
apart and equidistant from the start.  
 
 
Figure 3.5. Diagram of different response movements made for the reach and marker 
conditions in Experiment 2. The start position was identical in both experimental 
conditions. In the reach condition postable responses were indicated by movement 
towards the screen and unpostable responses by a movement made away from the 
screen. In the marker condition yes and no responses were made to one of two 
labelled markers positioned on the table surface between the participant and the 
monitor. 
 
Data recording consisted of a computer with an A/D converter connected to a 
light gate. The light gate was set up to detect the initiation of ball movement: the 
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towards the participant); the sensor was positioned on the opposite side of the start 
position, attached to the edge of the table directly in front of the participant. When 
the ball was raised the light beam was detected on the sensor indicating the moment 
of movement initiation. IT was recorded in milliseconds (ms), by the task program 
developed in LabVIEW 7.1 software (National Instruments), as the time between the 
presentation of a virtual aperture on the computer monitor and the initiation of a 
movement, as determined by the light gate sensor. Ball trajectory movements were 
recorded in three dimensions, at a sampling frequency of 500Hz, by a three-camera 
Qualisys movement registration system, mounted on fixed supports above the 
calibrated workspace. One 5mm spherical light reflective marker (calibrated to an 
accuracy of approximately 0.3mm) was attached to the top of the ball. 
 
3.2.1.3 Procedure 
The diameter of the aperture varied in size from 4mm to 56 mm, where the 
actual ball size was 30mm. Ten different aperture sizes were used, two of which 
were the extreme values of 4mm and 56mm. The further eight sizes came from the 
range between 23mm and 37mm increasing in 2mm steps: this resulted in a 
magnification range from 7mm smaller than the ball, to 7mm larger than the ball. In 
this experiment an aperture size exactly equal to the ball size (30mm) was not 
included, to prevent the ambiguity it encompasses when determining ball-aperture 
postability (see Footnote 2). 
Participants were informed, using standardised instruction sheets, that the 
experiment required them to make judgments on whether the table tennis ball they 
were holding would fit into various sized holes presented on the computer screen. 
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The instructions for the reach condition were “if you believe that the ball will fit into 
the hole you should move the ball toward the screen (as if posting the ball through 
the aperture), whereas, if you believe that the ball will not fit into the hole you should 
move the ball towards the destination marked on the corner of the table (and away 
from the hole)”. The instructions for the marker condition were “if you believe that 
the ball will fit into the hole you should move the ball toward the yes marker, 
whereas, if you believe that the ball will not fit into the hole you should move the 
ball towards the no marker”. As in Experiment 1, participants were given 10 practice 
trials and informed how to pause the program if required.  
Apertures were presented in 10 blocks of 20 randomised trials. Participants 
received no feedback on the accuracy of their response. A repeated measures design 
was employed with conditions counterbalanced across participants, resulting in 
participants performing 400 trials (10 apertures x 20 trials x 2 conditions). 
 
3.2.1.4 Data Screening and Analysis 
The variables measured included type of response, the location of the 
perceived action-boundary, the degree of sensitivity to the perceived action-
boundary, IT (from moment of aperture presentation until the initiation of the 
movement) and MT (from movement initiation until the end of the movement). 
Output from the task program gave the trial number, aperture size and IT. Movement 
time and type of yes/no response were determined from ball kinematics. 
Averaging movement times across responses was not considered appropriate. 
The nature of the experiment ensured that all four action responses were distinct 
from one another: the marker actions were designed to cover shorter distances than 
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the reach actions, likewise, the afforded reach response deliberately moved towards 
the aperture and the non-afforded response away from the aperture, resulting in a 
directional difference. The effects of movement distance and direction on MT of 
reaching actions have been well documented (Bootsma, Marteniuk, MacKenzie, & 
Zaal, 1994; Hoff & Arbib, 1993; Jeannerod, 1984; Paulignan, MacKenzie, 
Marteniuk, & Jeannerod, 1991). As a result the MT data were analysed dependent on 
the response given. 
As in Experiment 1, aperture sizes were action-scaled by dividing each of the 
10 aperture sizes measured in millimetres by the actual ball size of 30mms. This led 
to a series of dimensionless pi numbers ranging from 0.13 to 1.87 forming an 
intrinsic measure of aperture-size as a proportion of actual ball size.  
 
3.2.2 Results 
Participants achieved a high percentage of correct responses for both 
experimental conditions, irrespective of the order of condition presentation; the reach 
condition produced a mean of 84.13% correct responses (SE=3.48) and the marker 
condition a mean of 82.06% (SE=3.77). A mixed ANOVA, with condition as a 
repeated-measure (two levels, reach and marker) and order as a between-group 
variable (two levels, reach-first and marker-first), confirmed no main effect of order 
(F (1, 6) < 1, ns) or condition (F (1, 6) < 1, ns) and no order × condition interaction 
(F (1, 6) < 1, ns) on the percentage of correct responses. These values were however, 
lower than those observed in Experiment 1. Although the decrease in the percentage 
of correct responses in this experiment may be due participants’ having to actually 
perform an action with the ball, it is more likely the result of the increased 
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magnification of the scale. In this experiment the apertures used were closer in size, 
requiring an increased sensitivity of affordance perception. 
 
3.2.2.1 Perceived Action-Boundary 
A summary of the perceived action-boundary results is presented in Figure 
3.6. The perceived action-boundary was obtained for each individual participant in 
both conditions by fitting the data with Equation 3.1. The Root Mean Square Error 
(RMSE) of the curve fitting procedure was tested using a mixed ANOVA, with 
condition as a repeated-measure (two levels) and order as a between-group variable 
(two levels). No main effect of condition (F (1, 6) < 1, ns) or order (F (1, 6) = 2.39, 
ns) was found on the RMSE of the curve fitting procedure and no condition × order 
interaction (F (1, 6) < 1, ns). RMSE was on average 17.14 (SE=3.52) for the reach 
condition and 18.04 (SE=10.55) for the marker condition.  
A mixed ANOVA performed on the location of the 50% perceived action-
boundary, with condition as a repeated-measure (two levels) and order as a between-
group variable (two levels), also revealed no main effect of condition (F (1, 6) < 1, 
ns) or order on the 50% boundary (F (1, 6) < 1, ns) and no condition × order 
interaction (F (1, 6) = 3.02, ns). The mean action boundary for the reach condition 
was 1.09 (SE=.028) and 1.08 (SE=.043) for the marker condition. These perceived 
action-boundary values were larger than those observed in the previous two 
experiments. There are a number of possible explanations for this finding. Firstly, the 
range of aperture sizes included in this experiment differs from those in Experiments 
1A and B: most notably the action-scaled ratio of 1 (identical to the ball size) is 
removed and may have resulted in an increase in the perceived action-boundary. The 
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second point is that the task response conditions in Experiment 2 require actual 
movement of the ball. It is conceivable that in such circumstances a greater safety 
margin is allowed for in the perception of a postable aperture; such safety margins 
have been found in studies on the perception of passability and locomotion through 
apertures (Higuchi, Takada, Matsuura, & Imanaka, 2004; Warren & Whang, 1987). 
Finally, despite the instruction to participants to make judgments based on whether 
the table tennis ball they were holding would fit into the apertures presented before 
them, it is possible that a 5mm marker placed on top of the 30mm ball may have 
caused participants to perceive a 35mm object (i.e. ball plus marker). Although 
participants were not required to, nor did they systematically, hold the ball in this 
orientation (for example, the marker could be facing towards them rather than 
pointing upwards) it is possible that the marker may have influenced the perceived 
postability of the ball. Action-scaling the apertures using an object size of 35mm 
instead of 30mm could be performed; however such an adjustment would result in a 
critical value that is larger than the current data suggest (a value equating to > 1.17 
based on the current analysis –at this adjusted value 5 of the participants already 
perceived 100% of apertures as postable). Such an analysis is therefore ruled out on 
the basis that the marker orientation was not fixed for all participants, it is however 
an important consideration for future studies. 
The steepness of the curve at the 50% point, compared using the same mixed 
ANOVA, revealed no main effect of condition (F (1, 6) < 1, ns) or order (F (1, 6) < 
1, ns) and no condition × order interaction (F (1, 6) < 1, ns). The mean slope for the 
reach condition was 619.65%/ action-scaled aperture size (SE=68.65) and for the 
marker condition 598.85%/action-scaled aperture size (SE=79.95). As the steepness  
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Figure 3.6. a) Mean percentage perceived postable as a function of aperture ratio, b) 
mean initiation times in milliseconds, and c) average within participant standard 
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of the curve reflects the degree of sensitivity to the action-boundary, the slope values 
observed in both conditions indicate a high degree of sensitivity to the action-
boundary: that is, participants appeared to perceive the transition from unpostable to 
postable responses as an abrupt change. 
 
3.2.2.2 Initiation Time Relative to Action-Scaled Ratio: Independent of Response 
Mean ITs were analysed as a function of ratio valuessee Figure 3.6 for a 
summary. A mixed ANOVA, with repeated-measures of condition (two levels) and 
ratio (ten levels) and with order as a between-group variable (two levels), revealed 
no main effect of condition (F (1, 6) < 1, ns) or order (F (1, 6) < 1, ns) on mean IT. 
The mean IT for the reach condition was 554.83ms (SE=27.09) and for the marker 
condition 563.00ms (SE=27.43). A significant main effect of ratio was found on 
mean IT (F (2.45, 14.67) = 6.15, p<.01, partial 
2
 = .51). Polynomial contrasts 
revealed a significant quadratic trend of the ratio value on mean IT (F (1, 6) = 23.20, 
p<.005, partial 
2
 = .79); echoing the IT findings of Experiments 1A and 1B. On this 
occasion the curvilinear patterns exhibited by mean IT peaked at ratio values of 
1.03–1.10, this finding corresponds with the values obtained for location of the 
perceived action-boundary (see Figure 3.6). No significant interaction effects were 
observed on mean IT: condition × order (F (1, 6) = 1.02, ns), ratio × order (F (2.45, 
14.67) < 1, ns), condition × ratio (F (3.02, 18.10) = 1.51, ns) or condition × ratio × 
order (F (3.02, 18.10) = 1.24, ns). 
Variability of individual participant IT was examined using the within 
participant standard deviation (SD). Mixed ANOVA, identical to analysis of mean 
IT, revealed no main effect of condition (F (1, 6) =2.97, ns) or order (F (1, 6) < 1, ns) 
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on the within participant IT variability. A significant main effect of ratio was found 
on within participant IT variability (F (3.39, 20.03) = 4.87, p<.01, partial 
2
 = .45). 
Polynomial contrasts revealed a significant quadratic trend of the ratio value on IT 
variability (F (1, 6) = 21.94, p<.005, partial 
2
 = .79). The variability of individual 
participant IT peaked between ratio values of 1.03 and 1.10. This value mirrors the 
mean IT findings and corresponds with the location of the perceived action-boundary 
(see Figure 3.6).  
A significant condition × order interaction (F (1, 6) = 10.07, p<.05, partial 
2
 
= .63) revealed a linear trend, indicating that within participant IT variability was 
larger in the first task condition that each participant performed than in the second 
condition they performed. No significant interaction effects were observed on IT 
variability: ratio × order (F (3.34, 20.03) < 1, ns), condition × ratio (F (2.48, 14.88) < 
1, ns) or condition × ratio × order (F (2.48, 14.88) < 1, ns). 
 
3.2.2.3 Initiation Time Relative to Action-Scaled Ratio: Response Dependency 
Data, divided into two groups according to whether responses indicated the 
ball posting action was afforded or not afforded, led to differing numbers of trials 
available for each action-scaled ratio. A summary of the IT results for both the 
afforded and non-afforded responses can be seen in Figure 3.7. 
 
Responses indicating ball posting was not afforded:  
IT of non-afforded responses were examined over the six smallest action-
scaled ratios (0.13, 0.77, 0.83, 0.90, 0.97 and 1.03) using a two-way repeated 
measures ANOVA with ratio (six levels) and task condition (two levels) as the 
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independent measures. No main effect of condition was found (F (1, 6) <1, ns). 
There was a significant effect of ratio on IT for the non-afforded responses (F (5, 30) 
= 4.56, p<0.05, partial η2 = .43). Subsequent polynomial contrasts revealed a 
significant linear effect (F (1, 6) = 30.77, p<0.05, partial η2 = .84), once again 
indicating that IT was longer near the action-boundary and shorter ITs were observed 
when a very small aperture was presented, meaning the posting action was obviously 
not afforded. There was no significant ratio × task condition interaction on IT of 
unpostable responses (F (5, 30) = 1.65, ns). 
 
Responses indicating ball posting was afforded:  
IT of afforded responses were examined over the four largest action-scaled 
ratios (1.10, 1.17, 1.23 and 1.87) using a two-way repeated measures ANOVA with 
ratio (four levels) and task condition (two levels) as the independent measures. No 
main effect of condition was observed (F (1, 6) = 3.17, ns). Again, there was a 
significant effect of ratio on IT for the afforded responses (F (3, 18) = 16.71, p<0.05, 
partial η2 = .74). Polynomial contrasts revealed a significant linear effect (F (1, 5) = 
50.39, p<0.01, partial η2 = .89) indicating that, as with previous experiments, IT was 
longer near the action-boundary with shorter ITs observed when a very large aperture 
was presented and the posting action easily afforded. There was no significant ratio × 




















Figure 3.7. Timing dependent on response in Experiment 2: Mean Initiation Time in 
milliseconds for a) unpostable and b) postable responses; and Mean Movement Time 
in milliseconds for c) unpostable and d) postable responses. The bracket indicates the 
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3.2.2.4 Movement Time Relative to Action-Scaled Ratio: Response Dependency  
As with IT, data were divided into two groups according to whether 
responses indicated the ball posting action was afforded, or was not afforded. 
Unpostable responses were examined over the six smallest action-scaled ratios (0.13, 
0.77, 0.83, 0.90, 0.97 and 1.03), with postable (afforded ball posting) responses 
examined over the four largest action-scaled ratios (1.10, 1.17, 1.23 and 1.87). 
Movement time results for both the afforded and non-afforded responses can be seen 
in Figure 3.7. 
 
Responses indicating ball posting was not afforded: 
 As with IT, the same two-way repeated measures ANOVA was performed 
for MT of non-afforded responses, with ratio (six levels) and task condition (two 
levels) as the independent measures. A significant effect of condition was observed 
in MTs for the non-afforded responses (F (1, 6) = 8.18, p<0.05, partial η2 = .58). Due 
to longer movement distances, the mean movement times of non-afforded responses 
were longer for the reach condition (M=372.00ms, SE=17.67) than for the marker 
condition (M=310.50ms, SE=21.28). On this occasion there was no main effect of 
ratio (F (5, 30) = 1.27, ns) on MT for the non-afforded responses or any ratio × task 
condition interaction, (F (5, 30) <1, ns). 
 
Responses indicating ball posting was afforded 
A two-way repeated measures ANOVA, with action-scaled ratio (four levels) 
and task condition (two levels) as the independent measures, was performed on the 
afforded responses. A main effect of condition was observed in the MTs for afforded 
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responses (F (1, 6) = 26.33, p<0.05, partial η2 = .81). Movement times were longer 
for afforded responses made in the reach condition (M=489.83, SE=17.36) compared 
to the marker condition (M=405.30, SE=17.97), due to longer movement distances in 
the reach condition. A significant main effect of ratio was found on MT of afforded 
responses (F (3, 18) = 5.78, p<0.05, partial η2 = .49). Subsequent polynomial 
contrasts revealed a significant linear effect (F (1, 6) = 11.63, p<0.05, partial η2 = 
.66); as with IT, MT was longer near the action-boundary than at the largest aperture 
where the action was easily afforded. There was no ratio × task condition interaction 
(F (3, 18) = 2.89, ns) on MT for the afforded responses. 
Experiment 2 investigated whether the influence of information-movement 
coupling on the time taken to act on an affordance extends beyond IT to influence 
MT. The IT findings mirrored Experiments 1A and 1B: that is, action initiation is 
slower at the perceived action-boundary than on either side of the boundary. This IT 
distribution was not affected by task condition manipulations, suggesting an inherent 
similarity of affordance perception between the two task conditions. With respect to 
MT, an effect of the extent of affordance was found on the MTs of postable 
responses, i.e. afforded-actions, but not on the MTs of non-afforded responses. These 
results, apparent in both experimental conditions, demonstrate an important 
distinction between afforded and non-afforded actions. Movement time can be used 
to quantify affordance perception only in the afforded action (postable responses). 
The key findings of Experiment 2 are therefore twofold: i) IT can be used to quantify 
the extent of affordance perception; ii) within an afforded action, MT can be used to 
quantify the extent of affordance actualisation. 
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3.3 GENERAL DISCUSSION 
This study set out to determine the effect special regions of afforded 
behaviour, such as crossing between action modes, have on the time taken to 
perceive and act on an affordance. In a series of experiments, a ball posting task 
examining action timing across a continuum of afforded action was employed to 
investigate affordance perception across an action-boundary. It was predicted that 
when the affordance relationship is manipulated, by varying action-scaled properties, 
the speed of affordance perception would vary. Specifically, IT around the critical 
action-boundary would differ in comparison to IT at the preferred regions either side 
of the boundary. The second prediction was that effects of affordance perception 
would also be found on MT. 
The present findings, in agreement with previous reports, support the use of 
IT for quantifying affordance perception (Michaels, 1988; Stins & Michaels, 1997, 
2000). A significant effect of afforded-fit was observed on IT, in all three 
experiments and all response conditions, with IT distributions indicating longer ITs 
at the perceived action-boundary. At the extremes, when the action was easily 
perceived as afforded or as definitely not afforded, participants were quicker and 
more accurate at perceiving the affordance, or lack thereof. Conversely, when 
aperture size more closely approximated the ball size, the perceived action-boundary 
appeared and accuracy decreased as IT increased. In addition to providing evidence 
of the utility of IT for the quantification of affordance perception, support is also 
gained for Michaels’ and colleagues’ assertion that information specifying some 
affordances may be faster or easier to detect than others (Michaels, 1988; Stins & 
Michaels, 1997, 2000). It is proposed that shorter ITs serve as an indicator of 
Chapter 3: Initiation & Actualisation of Action 
 
 76 
efficient affordance perception. The exact nature of this efficiency is yet to be 
identified and was beyond the scope of the present study; however several possible 
explanations do exist and will be discussed in light of the current findings. 
The IT effects observed in choice reaction time tasks have often been 
attributed to response uncertainty; whereby longer ITs are considered as reflecting 
the participant’s uncertainty during a decision-making process. Extended to the 
current affordance paradigm, the long ITs, observed at the action-boundary, would 
be interpreted as indicative of increased uncertainty in action selection. Hommel 
(1996) directly addressed this issue in a S-R task by informing participants of the 
response required prior to stimulus presentation, thereby eliminating uncertainty 
from the task. As the spatial compatibility between stimulus presentation and the 
response was varied differences in IT were observed; demonstrating that the 
compatibility effect remains even when uncertainty is removed from S-R tasks. 
Although the longer ITs observed by Hommel could not be attributed to uncertainty 
associated with decision-making, they could be interpreted as a consequence of the 
extent of information-movement coupling. 
The consideration of IT differences as a reflection of information-action 
coupling, the extent to which the available information specifies the action afforded, 
was introduced by Michaels to account for effects observed between actions with 
different discrete affordances (Michaels, 1988; Stins & Michaels, 1997). In the 
current context, of the effects observed across the continuum of afforded action, the 
longer ITs observed at the action-boundary may have been caused by weak 
information-action coupling due to the availability of more than one action solution, 
a case of multiple actions being afforded. Such an interpretation is in accordance 
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with Hick’s Law (Hick, 1952), where the time it takes to react is a function of the 
number of action possibilities available. So as the number of afforded actions 
increases around the action-boundary IT would also be expected to increase. 
Alternatively, at the action-boundary, the information may be of little relevance to 
either response action in which case it may not specify any affordance. In this 
instance, long ITs would reflect the lack of information-action coupling.  
Moving beyond issues associated with information detection, explanations of 
the IT differences can also be drawn from the preparation of the action. Bernstein 
(1996) viewed action coordination as the process of constraining the redundant 
degrees of freedom of the motor system. Here, IT effects could be interpreted as 
differences in the time taken to constrain the motor system. In the present context 
there are two main factors affecting the time taken to constrain the motor system: the 
biomechanical degrees of freedom involved in the action and the manner in which 
these degrees of freedom are constrained by task-relevant information. 
Bingham (1988) considered the process of organising the degrees of freedom 
of the motor system as the tuning of task specific response devices. Actions that 
involve the coordination of different degrees of freedom, or different response 
devices, may require different amounts of time to be organised and/or tuned. 
Although the present task was selected to minimise differences in the degrees of 
freedom used, particularly in the within response comparisons, the fact that 
significant findings may be caused by differences in the biomechanical degrees of 
freedom cannot be excluded. That is, while the actions may have differed in their 
biomechanical degrees of freedom, the demands of the task did not require them to 
do so. 
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Alternatively, the effects could be attributed to the way in which the same 
degrees of freedom are constrained by task-relevant information. IT could be 
considered as the time taken to identify the task-relevant information necessary to 
constrain the action dynamics, in which case, fast action responses may reflect the 
effectiveness of the information in constraining the action (Stins & Michaels, 2000). 
This suggests that short ITs, observed either side of the action-boundary, are 
indicative of optimal affordance perception, where information was highly effective 
in constraining the action. Conversely, longer ITs are associated with the action-
boundary where information is less effective in constraining the action. Further 
investigation is required to unravel the issues discussed here, however the fact 
remains that IT appears to be highly sensitive to both the location of the action-
boundary and optimal regions of afforded action. 
In Experiment 1B a systematic change to IT and affordance perception was 
shown to occur after participants’ repeated an extensive number of trials. The 
findings were threefold: a change in the location of the perceived action-boundary, a 
decrease in IT and a shift in the IT profile. The change in the perceived action-
boundary meant participants, who initially underestimated the spatial requirements of 
the task, improved their affordance perception by reducing their underestimation to 
achieve accurate perception of the spatial requirements. This change in the perceived 
action-boundary is supported by the findings of Higuchi, Takada, Matsuura and 
Imanaka (2004) who tested novice wheelchair users ability to perceive whether door 
apertures of various widths afforded wheelchair locomotion. They found that 
participants underestimated the spatial requirements for wheelchair use and that this 
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underestimation improved, but was not completely eliminated, after 8 days of 
practice passing through apertures.  
In contrast to participants in the study by Higuchi et al. (2004), the 
participants in the present study did not receive any feedback or knowledge of 
performance. A series of studies have also reported the occurrence of change in the 
absence of feedback (Fajen, 2007b; Mark, 1987; Pepping & Li, 2000a, 2008). In 
these studies the authors argued change was due to recalibration of the system. For 
instance, Fajen (2007b) demonstrated that in the absence of visual feedback subjects 
were able to adapt breaking behaviour following an unexpected altering of break 
strength. According to Fajen calibration can be considered as “a process that 
transforms the metric in which information is detected, establishing a mapping from 
information to movement” (Fajen, 2007a, p. 396). Issues of calibration and 
attunement have recently been addressed using an ecological approach to learning 
(for a comprehensive discussion see  Fajen, 2007b, 2007b; Fajen & Devaney, 2006; 
Jacobs & Michaels, 2007). 
In the current study several possible explanations exist to account for the 
effects observed in IT. Firstly, improved tuning of the task specific response device, 
however, the decrease in IT was not equal for every aperture sizeit is dependent 
upon the proximity to the action-boundary making this an unlikely explanation. 
The change may be related to the informational constraints, namely, the strength of 
information-action coupling. In this instance the change in shape of the peak 
(narrowing and flattening) could be indicative of an increase in the participants’ 
ability to detect the specifying information. The shift in the shape of IT profile 
corresponds with the change in the action-boundary demonstrating that, when used to 
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quantify affordance perception, IT is highly sensitive to changes in location of the 
perceived action-boundary. 
In Experiment 2 an effect of ratio was observed on MT of the postable 
responses, that is the afforded actions, in both the reach and marker conditions. This 
demonstrated that when a large aperture was presented, and the posting action was 
easily afforded, faster movements were made while longer MTs were recorded near 
the action-boundary. As mentioned previously, in discussing IT effects, this could 
have been caused by uncertainty in action selection with longer MTs representing 
participants’ changing their action selection after movement initiation. This appears 
an unlikely explanation as there was no evidence in the action kinematics to suggest 
the presence of hesitations or obvious modifications in trajectory.  
The MT effect observed does appear to be indicative of a Fitts Law effect 
(Fitts, 1954). The speed-accuracy trade-off indicates that shortest MTs are associated 
with the largest aperture sizes, those which offer the lowest accuracy requirements 
and allow the greatest margin of tolerance in ball posting. There are two points to 
note here. Firstly, afforded and non-afforded actions exhibited different effects; no 
effect of afforded-fit was observed on MT of non-afforded actions. A simple 
explanation here could be that the effect on MT may only exist in the postable 
(afforded) responses as, due to the intention of the task being to post the ball, 
aperture information specifies ball posting, and is not relevant for the guidance of 
unpostable responses. The second point to note is the effect observed in MT of 
afforded actions was also found in the marker condition. In the marker condition the 
accuracy requirements of the response movements were not manipulatedthe target 
area remained a constant size throughout the testing. This may suggest that MT 
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effects were not solely due to the spatial accuracy required in the response but rather 
the extent of spatial accuracy specified by the aperture information. 
The effect, of afforded-fit on MT, indicates that posting actions were 
differentiated according to the information presented and the extent to which it 
specified the affordance. As this finding demonstrates, MT can be used to quantify 
affordance actualisation. This effect of action-scaling on MT highlights that 
affordances influence not only action selection and preparation but also the ongoing 
guidance of action. Here, interpretations of timing differences are not limited to 
affordance perception and the extent to which the information could guide action, but 
also to the compatibility of the information in guiding the action.  
Previous studies comparing response conditions have reported that responses 
made using compatible tasks, such as performing the afforded action, tend to be 
quicker and more accurate than focal tasks, i.e. verbal or button pressing responses 
(Bootsma, 1989; Pepping & Li, 2005; Stins & Michaels, 2000). These effects have 
been attributed to differences in the informational basis of focal versus action 
responses. For instance, Stins and Michaels (1997) suggested the information utilised 
might be different for different response tasks, or as proposed by Pepping and Li 
(2005) the same information is used, but because it is for a different purpose the 
manner in which it is detected and/or used may be different. In the present study 
there was no effect of task on IT, but, an effect of task was identified in the MT data. 
These findings imply that the same information was used in both task conditions, but 
the way in which it was used differed depending upon how the relationship between 
the performer and environment was expressed (see Pepping & Li, 2005). It is worth 
noting that had the response conditions been more distinct an effect on IT might have 
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been found. Nevertheless, as the same pattern of MT effects were found in both 
conditions it appears that differences in the absolute timing could be attributed to 
differences in the tuning of  task-specific response devices (Bingham, 1988).  
To conclude, by considering a continuum of afforded behaviour, the results of 
the current study clearly demonstrate that IT, and its associated variability, provides 
a metric of affordance perception. To be specific, the three interlinking experiments 
established that perception of the afforded action was quick and accurate at the 
extremes of the affordance scale; but that when approaching an action-boundary, the 
afforded action took longer to be both perceived and acted upon. Additionally, it is 
believed that the time taken to initiate an action provides a means of quantifying the 
ease and extent of affordance perception, while MT can be used to quantify the 
extent of affordance actualisation.  
These findings establish an influence of affordance perception on the 
regulation of action. Subsequent investigation is required before the importance of 
this role can be fully understood, however. To provide further insight into the nature 
of the IT effects reported here, future studies may seek to examine the visual search 
strategies adopted during affordance perception. The effects of affordance perception 
on the control laws used to initiate and continuously guide action are examined in the 
next chapter. Meanwhile, Chapter 5 investigates the kinematics of afforded action 
across an action-boundary in order to identify the role task-relevant information 
plays in the perception and actualisation of affordances. 
 















The ultimate success of reaching to pick up a moving object is highly dependent 
upon spatial and temporal precision, as the hand must be at the correct place at the 
correct time to ensure interception with the target. Perceptual guidance of such 
actions requires sensitivity to, and selection and utilisation of appropriate spatio-
temporal information specifying the critical features of the environment (Lee, 
1980b). The perceptual variable tau has been offered as a source of such spatio-
temporal information (Lee, 1976, 1998). This second study tested assumptions of the 
tau based control laws utilised in the guidance of hand transport when reaching 
towards a moving object. 
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4.0 INTRODUCTION 
Lee (1976) established that the optic variable tau (τ) directly specifies time-
to-contact information, essential for controlling deceleration, and that this 
information can be regulated to control interceptive action. Extending the τ based 
control strategies initially proposed, Lee (1998) presented a general theory that could 
account for the guidance of ongoing movements across a range of sensory 
modalities. In this general tau theory Lee demonstrated how τ information could be 
used to synchronise and regulate the kinematics of ongoing movements. Since its 
formulation, support for tau-coupling has been found in tasks ranging from nutritive 
sucking in preterm infants (Craig & Lee, 1999) to the putting swing in golf (Craig, 
Delay, Grealy, & Lee, 2000). In the present study, the way in which general tau 
theory may be implicated in the guidance of hand transport when reaching towards a 
moving target is explored. By addressing assumptions central to this theory, it is 
anticipated that greater insight will be gained into the selection and continual 
guidance of perceptual information during reaching actions. 
 
4.0.1 τ  Based Control Laws for the Regulation of Interceptive Action 
Lee (1976) demonstrated that visual information regarding the time-to-
contact (TTC) between an observer and a stationary or constant velocity target is 
specified by the optic variable tau (τ), which is mathematically represented as 
xxX =τ .  This optic variable τ was shown to be an adequate source of information 
for an observer (human or animal) to visually control interceptive actions (Lee & 
Lishman, 1977; Lee & Reddish, 1981).  
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In this theory of visual control of braking (Lee, 1976), it was initially 
suggested that the onset of braking and or deceleration towards an obstacle or target 
might tend to begin when the TTC reaches a certain critical or margin value, i.e. τ-
margin (τm). This led to research focused on examining the plausibility of τ-margin 
as a strategy involved in the initiation of interceptive movements (Lee & Reddish, 
1981; Lee, Young, Reddish, Lough, & Clayton, 1983; Savelsbergh, Whiting, & 
Bootsma, 1991).  Subsequently, this use of TTC and τ, in the form of the τ-margin, 
received some criticism in the literature (Tresilian, 1999; Wann, 1996).  However, in 
a later article Lee (1998) stated that to ensure interception it is often not critical when 
a movement begins, as long as it does not start too late.     
In addition to the τ-margin, the ‘constant τ  strategy’ was proposed for the 
use of τ in controlling the deceleration phase of interceptive movements (Lee, 1976). 
In the constant τ  strategy (Equation 4.1), Υτ is the rate of change of τ, and k the 
parameter that regulated the decelerative kinematics of the closure of the distance 
gap, y, between the effector and the obstacle or target. Research conducted on 
echolocating bats and somersaulters provided support that this procedure was used 
widely in controlling the velocity of approach (Lee, Simmons, Saillant, & Bouffard, 
1995; Lee, Young, & Rewt, 1992).  
 
k=Υτ     (Equation 4.1) 
 
The use of time-to-contact and τ  in the regulation of interceptive actions has 
been widely reported, with τ becoming the specifying variable in many different 
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models of interception, most notably in terms of trying to understand the regulation 
of prehension (Bootsma & van Wieringen, 1992; Dessing, Bullock, Peper, & Beek, 
2002; Montagne, Fraisse, Ripoll, & Laurent, 2000) and catching actions (Montagne, 
Laurent, Durey, & Bootsma, 1999; Peper, Bootsma, Mestre, & Bakker, 1994; 
Rushton & Wann, 1999). 
In relation to prehension, Zaal and Bootsma (1995) found evidence that a 
constantτ  strategy may be used to decelerate when reaching to grasp an object. 
Furthermore, Hopkins, Churchill, Vogt and Ronnqvist (2004) found that a constantτ  
strategy involving the intermodal specification of information is used to regulate the 
decelerative phase of reaching under restricted viewing conditions. In both instances 
the constantτ  strategy was examined in reaching to a stationary object, with analyses 
of one dimensional position data in the direction of the reach (y-axis). Additionally, 
the reaches were examined from the moment of peak velocity to the beginning of the 
low-velocity phase at the end of a reaching movement. Thus, whilst the constantτ  
strategy was initially proposed for the deceleration segment of interceptive actions, 
thereby excluding the acceleration phase, the experiments by Zaal and Bootsma 
(1995) and Hopkins, et al. (2004) also excluded the final low-velocity phase of the 
action.  
 
4.0.2 General Tau Theory 
General tau theory (Lee, 1998) proposes that the central task in guiding 
movement is controlling the closure of spatial and/or force gaps between effectors 
(or sensory organs) and their goals. A gap is the difference between a current state 
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and a desired goal, and can be thought of in terms of the distance which needs to be 
covered, the angle that needs to be turned, or the force that needs to be exerted to 
accomplish a particular task. Guiding movement requires sensing the closure of gaps 
in sensory input arrays, for example, optical (vision), acoustic (echolocating bats), 
force (haptics), electrical (electrolocating fish and platypi), and electromagnetic 
(infrared detection by snakes) arrays. What is sensed and controlled constantly to 
guide the movement is tau (τ), the time-to-closure of each spatial and/or force gap at 
its current closure rate. The main tenet of this theory is that a principal method of 
movement guidance is by coupling the τs of different motion gaps, that is, their time 
to closure at current closure rate are held in a constant ratio k, as in: 
 
XY kττ =     (Equation 4.2) 
 
With this general τ theory Lee demonstrated that the early τ  notion could be 
accounted for as a particular case of τ-coupling. Specifically, keeping Υτ  constant is 
equivalent to a τ-coupling model when a gap is closing at a constant rate. While the 
τ-margin was concerned with the initiation of movement and τ  with the control of 
the decelerative phase of an interceptive movement; in contrast, τ-coupling is 
concerned with the ongoing guidance of the whole movement. Thus, this 
development – in the form of τ-coupling – extended τ theory to a strategy for use 
throughout the entire movement and during movements with non-constant rates of 
gap closure. 
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General τ theory distinguishes between extrinsic and intrinsic coupling. 
Movements involving extrinsic coupling of motion gaps are those paced by events 
occurring in the actor’s environment. In contrast, in movements that involve intrinsic 
τ guidance, there is no environmental motion gap present to set the temporal 
framework. In this instance the movement gap is coupled onto an internal temporal 
guide (τ-guide) that is a mental representation of the timing of the action (Lee, 1998). 
τ-coupling in extrinsically guided movements was investigated in a computer 
based interception task by Lee, Georgopoulos, Clark, Craig and Port (2001). 
Participants were required to move an on-screen cursor using a mouse in order to 
intercept a moving target as it arrived at a goal area marked on the computer monitor. 
The requirements of this task, as in many computer based experiments, were 
performed under high spatial and temporal constraint, minimising the variability in 
movement trajectories. Results indicated that participants achieved the task by 
keeping τ of the gap between the cursor and target coupled to τ of the gap between 
the cursor and the destination zone. The authors concluded that a sensorimotor 
process for coordinating the closure of two or more gaps between effectors and 
destinations entails constantly sensing the τs of the gaps and moving so as to keep 
the τs coupled in constant ratio (Lee, Georgopoulos, Clark, Craig, & Port, 2001). 
Lee (1998) argued that the parameter k, in the coupling equation (Equation 
4.2) relates to the velocity profile of intrinsically and extrinsically τ-coupled 
movements. In general, Lee showed that as k increases the duration of the 
acceleration phase increases, the peak velocity occurs progressively later in the 
movement and the braking becomes more abrupt. Thus, with low values of k (0 < k < 
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0.5) the closure is soft and the velocity of gap Y relative to gap X reaches zero at 
impact, whereas at high k values (0.5 < k) the closure is hard with the gap closure 
velocity being positive prior to contact. Therefore, the higher the value of k greater 
than 0.5, the higher the velocity at contact. As a result, it was proposed that 
parameter k regulates the kinematics of closure of the gap and can serve as a 
descriptor of the terminal kinematics of the action. However, the concept of k as a 
descriptor only holds true if it remains at a constant value from the outset of the 
movement. This important assumption associated with τ-coupling, that the 
relationship expressed by parameter k is constant throughout the movement (Craig & 
Lee, 1999; Lee, Craig, & Grealy, 1999; Lee, Georgopoulos, Clark, Craig, & Port, 
2001), will be referred to here as the constant k hypothesis.  
Establishing the presence of τ-coupling, and subsequently expressing the 
ratio of τ-coupling by parameter k, is typically achieved using a recursive linear 
regression analysis of the τs of two motion gaps (Lee, Craig, & Grealy, 1999; Lee, 
Georgopoulos, Clark, Craig, & Port, 2001). This process involves regressing two τs 
onto one another and applying a linear regression algorithm iteratively, initially 
including all of the data points and on each repetition of the regression discarding the 
first data point from the start of the movement. This process is repeated until the r
2
 of 
the regression reaches 0.95 or greater (a criterion value set by the experimenters), 
whereby the algorithm takes that point to be the start of the linear relationship. The 
extent of τ-coupling is then expressed in terms of the duration of coupling (as a 
percentage of movement time), with a higher relative duration of τ-coupling assumed 
to be stronger evidence of τ-coupling. The slope of the regression gives the k value. 
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The relative duration of coupling has been used to differentiate between τ-
couplings and determine which, if any, may be used during selected tasks (Lee, 
Craig, & Grealy, 1999; Lee, Georgopoulos, Clark, Craig, & Port, 2001). For 
example, Lee, Craig and Grealy (1999) analysed hand to mouth movements in adults 
with eyes open and eyes shut conditions. Three τ-coupling procedures were proposed 
as possible means of hand guidance. Analysis of the data suggested couplings 
between the τ of the angular gap, the τ of the distance gap and an intrinsic τ-guide as 
a viable means of hand guidance.  
Empirical values of k (as expressed in Lee,1998) have been reported in a 
number of studies. Craig and Lee (1999) examined the intraoral sucking pressure of 
newborn infants. They found evidence of τ-coupling in both the increasing and 
decreasing suction periods of the infants’ suck. The mean k values were significantly 
higher in the increasing suction period. Infants adopted a longer period of 
acceleration and a forceful approach to the peak negative pressure (mean k =0.68), as 
opposed to a more gentle approach during the decreasing suction period (mean k 
=0.2). This finding was interpreted in relation to the different goals associated with 
the two phases of the suck.  
Alternatively, Austad and van der Meer (2007) utilised k values to examine 
development of dynamic balance control during gait initiation, in children and adults. 
Using center of pressure (CoP) data from force plate measurements, they found that 
mean k values decreased significantly with age and were for 2- to 3-year-olds 0.56, 
for 4- to 5-year-olds 0.50, for 7- to 8-year-olds 0.47, and for adults 0.41. They 
concluded that the control of dynamic balance develops from the youngest children 
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colliding with the boundaries of the base of support (k>0.5) to the older children and 
adults making touch contact (k<0.5). 
Despite these applications of k to distinguish skilled from unskilled 
coordination, it remains unclear whether k is a variable that is set (by the nervous 
system) at a constant value at the onset of movement, or whether it is a variable that 
could change as the movement evolves. According to the model of τ-coupling 
described in Lee (1998) and Lee et al. (1999) the kinematics of the movement can be 
regulated by setting the constant k at an appropriate value. Craig and Lee (1999) 
expand on this: given that the value of k determines the kinematics of gap closure, 
different forms of velocity profiles are determined by the k values. The value of the 
coupling constant k could be set according to how an actor wishes to approach an 
object.  
 
4.0.3 The Present Study 
To date, there has been no empirical investigation in either an extrinsically or 
intrinsically paced task, of the constant k hypothesis nor any validation of k as a 
descriptor of movement kinematics. A clearer insight into the role of k, or indeed into 
the nature of the ratio of τs in τ-coupling, is needed. Therefore, the principle research 
question addressed here is: in the case of natural reaching to pick up a moving object, 
is k held constant throughout the movement/coupling? To address this, the 
effectiveness of using recursive linear regression as a means of examining the 
relationships between movement τs must be evaluated. Firstly it should be noted that 
the recursive linear regression identifies only linear relationships whilst excluding 
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any other forms of relationship that may exist between the two τs. Second, it is 
assumed that the tau-coupling relationship will be constant throughout the 
movement, continuing until the end of the data series. To delve further into the 
nature of the ratio specified by the constant k, an analysis is required that examines 
how the ongoing ratio of τs evolves throughout the movement. By analysing the 
relationship between τs over time (see Equation 4.3), it will be possible to determine 
if the ratio, here referred to as Kappa and denoted by Κ(t), remains constant during 
the τ-coupling of interceptive reaching towards a moving target, or whether it varies 
throughout the unfolding of the action (cf. Schögler, Pepping, & Lee, 2008). A 
clearer link can then be made between k and the observed kinematics of the 
movement.  
 
)(/)()( tttK XY ττ=    (Equation 4.3) 
 
In the present study two experiments were conducted examining the guidance 
of hand transport during reaching to intercept a moving object. The aim of examining 
an assumption of Lee’s (1998) concept of τ-coupling was achieved using two key 
research questions. The first was to test the assumption of the constant k hypothesis, 
that is, in the case of natural reaching to pick up a moving object, is k held constant 
throughout the movement? To this end the relationship between τs during 
movements was examined by comparing the constant k and relative duration of 
coupling derived from the recursive linear regression, with the evolution of Κ(t) 
throughout the reach. The second question was related to the subsequent implication 
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of parameter k as a descriptor of the kinematics of the movement, namely, in the case 
of natural reaching to pick up a moving object, does k (derived from the recursive 
linear regression) reflect the observed kinematics. 
 
4.1 EXPERIMENT 1 
The first experiment set out to examine whether k is a constant during τ-
coupling the closure of gaps between the effector (hand) and a moving target object 
and between the hand and the interception place. The gaps selected for analysis were 
based on Jeannerod’s (1984) description of reaching, where the hand transport 
component of successful interception can be viewed as the process of ensuring that 
the gap between the hand and the object is closed in a controlled manner. Research 
by Lee et al. (2001) on intercepting a moving object suggests that to ensure this 
controlled closure the relevant gaps coupled would be those between the hand and 
the object (hand-object) and the hand and the point of interception (hand-
interception).  
The examination of k as a constant during the coupling between hand/object 
and hand/interception place gaps was achieved by comparing findings obtained from 
an analysis of Κ(t) plots, with the variables k and the relative duration of coupling 
derived from the standard recursive linear regression analysis. It was intended that 
analysis of the Κ(t) plots enables a continuous examination of the τ-coupling ratio. 
The value of k from the regression could then be directly compared to the continuous 
ratio values expressed in the Κ(t) plots, whilst the relative duration of coupling could 
be used to relate the section of movement identified as coupled by the regression to 
the Κ(t) plots. 
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4.1.1 Method 
The experimental task required participants to remove a small object from a 
toy train moving at a constant velocity around a track (see Figure 4.1). 
 
4.1.1.1 Participants 
Seven right-handed participants with normal or corrected-to-normal vision 
volunteered to take part in the experiment. Participants consisted of three females 
and four males (mean age = 27.7 years). The study was conducted in accordance 
with local ethics committee guidelines. All participants gave informed consent prior 
to participation and were free to withdraw from the experiment at any time. 
 
4.1.1.2 Equipment and Data Recording 
The set-up consisted of an oblong track that measured 121.5cm by 58cm, 
with a total track length of approximately 288cm, see Figure 4.1. The straight 
sections of the track were 64cms long. Participants were required to kneel in front of 
the track. Exactly how this was achieved was left relatively unrestricted, provided 
they were in front of the straight section of the track and were able to begin the 
movement with their hand placed on the start position. The hand start position 
marker (30mm by 30mm square) was located to the right of the participant, and was 
positioned perpendicular to the edge of the track and 20cms in front of it. A battery 
operated train moved in a clockwise direction around the track (at a speed of 
226mm/s) ensuring that the train approached from the participant’s right side. The 
object positioned on top of the train was a toy driver (measuring 65mm high, 40mm 
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wide and 15mm deep). The size of the surface area that the driver was positioned on 
was 125mm long and 60mm wide.  
 
Figure 4.1. Diagram of the experimental set-up from above with a representation of 
the motion gaps involved in the experimental task. τHO is the τ of the hand-object 
gap, τHI the τ of the hand-interception gap and τOI the τ of the object-interception 
gap. 
  
Movements were recorded in three dimensions, at a sampling frequency of 
240Hz, by a three-camera Qualisys movement registration system. Two 5mm 
spherical light reflective markers (recorded to an accuracy of approximately 0.3mm) 
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surface of the participants right hand, on the base of the first and second metacarpals. 
Cameras were mounted on fixed supports above the calibrated workspace.  
 
4.1.1.3 Procedure 
The experiment consisted of ten trials for each participant, preceded by two 
practice trials to familiarise the participants with the task. Before every trial, 
participants were asked to place their right hand on the start position. Directions 
given to each participant were to pick the ‘train driver’ up off the moving train 
anywhere on the 64cms straight section of the track (resulting in a distance to be 
reached of anything between 20cms and 67cms) and to place the toy back on the 
starting position marker. Participants were asked whether they were ready to begin, 
and advised to start reaching in their own time. 
 
4.1.1.4 Data Screening and Analysis  
Data were smoothed using a Gaussian smoothing filter with a sigma level of 
4, and analysed in a program developed using LabVIEW 7.1 software (National 
Instruments). Hand peak velocity (mm/s) was derived from the movement of the 
hand marker: this was then used to determine the start and end of the movement 
required for calculating movement time (ms) and the τ-coupling variables. The start 
of the reaching movement was defined as the first point at which the velocity of the 
hand exceeded five percent of the hand peak velocity. The end of the movement was 
identified as the latest point at which the velocity of the closure of the gap between 
the hand and the object was above five percent of the peak velocity of the gap 
between the hand and the object. Trials in which the hand or object markers were 
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occluded prior to object contact were not included within the analysis, leaving an 
average of nine trials per participant. 
Analysis of τ-coupling measures. 
τs were calculated for the gap between the hand and the object (HO), and the 
gap between the hand and the point of interception (HI) as can be seen in Figure 4.1. 
Additionally, Figure 4.2 shows the detailed progression of the τ-coupling analysis for 
individual trials from two participants. The sizes of the gaps, r , and the rate of 
change of the gap closure, r , were calculated as a time series using the displacement 
between the two ends of the gap at any moment in time (Figure 4.2A and B). The τ 
of the gaps at each time sample t , was then calculated by dividing r , at each time t , 
by r  at that time, using Equation 4.4 (Figure 4.2C and D).  
 
rrr =τ     (Equation 4.4) 
 
The τ-coupling examined in the present study was τHO = k τHI, using Equation 4.2, 
where gap Y was HO (hand-object) and gap X was HI (hand-interception). The linear 
relationship during the movement between the two τs (τHO and τHI) was derived 
using a linear regression algorithm outlined in the introduction. The recursive linear 
regression analysis involved regressing τHO against τHI (see Figure 4.2E and G). Next 
a sequence of calculations was performed to find the beginning of the linear 
relationship between consecutive data points that ended at the moment of object 
contact. This was done using a linear regression algorithm applied iteratively, 
initially including all of the data points and on each repetition of the regression the 
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first data point from start of the movement was discarded. This process was repeated 
until the r
2
 of the regression reached 0.95 or greater, whereupon the algorithm took 
that point to be the start of the linear relationship. The variables analysed from the 
recursive linear regression were the relative duration of the linear τ-coupling 
relationship expressed as a percentage of movement time, and the constant k obtained 
from the slope of the linear regression equation (see Figure 4.2E and F). Finally Κ(t) 
from Equation 4.3, was calculated at each time sample, t, where gap Y was HO and 
gap X was HI resulting in Equation 4.5 (see Figure 4.2H and I). 
 
( ) ( ) ( )HO HIt t tτ τΚ =    (Equation 4.5) 
 
To enable comparison over trials and across participants Κ(t) was divided into three 
different segments to represent the beginning, middle and end of the reaching 
movement. The initial segment of the movement was defined from movement onset 
to the occurrence of peak acceleration, the middle segment from peak acceleration to 
peak deceleration and the final segment from the moment of peak deceleration until 
the end of the movement. The duration and mean Κ(t) values were then calculated 
for each segment. 

4.1.2 Results 
Profiles of hand-object gap (HO), hand-interception gap (HI) and the derived 
velocities are shown for typical trials in Figure 4.2. The mean duration of the 
participants’ reaching movements was 750 ± 121ms, with a mean peak velocity of 
918 ± 122mm/s.  
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Figure 4.2. Progression from gap measures to τ-coupling, for typical trials of two 
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interception (HI) gaps and the corresponding rate of closure for each participant. 
Graphs C and D show τHO and τHI values plotted against time, calculated using the 
data in the graphs directly above. Graphs E and F depict the results from the 
recursive linear regression of τHO and τHI again from the data in the graphs directly 
above. In Graph E the recursive linear regression resulted in 100% movement 
coupling, whereas Graph F resulted in 94% coupling. The full regression of Graph F 
is displayed in the inset Graph G, where the start point of the coupled section is 
marked by the arrow and continues until the moment of contact (0 secs). Therefore 
Graphs E and F display only the section of the movement deemed to be coupled by 
the recursive linear regression, with trend lines indicating the slope of the fitted 
linear equation. The r
2
 value is the proportion of variance in τHO accounted for by the 
predicted τ-coupling equation (τHO = k τHI). The k value is the best estimate of the k 
in the coupling equation. It should be noted that whilst the regressions appear very 
similar the k value for Participant 3 is considerably lower (0.67) than that for 
Participant 5 (1.40). Graphs H and I indicate the )()()( ttt HIHO ττ=Κ plots for the 
data presented in Graphs E and F: the dotted line in Graph I indicates the beginning 
of the section identified as τ-coupled by the recursive linear regression; additionally 
the red lines indicate the k value obtained from the recursive linear regression. 
 
 
4.1.2.1 Recursive Linear Regression Analysis 
The percentage of movement time of the hand transport that corresponded to 
the straight section of the τHO versus τHI recursive linear regression graphs was on 
average 98.5% with a standard deviation of 1.8% (see Table 4.1). The mean value (± 
SD) of k over participants was 0.97 ± 0.34, with the participant individual means 
ranging from 0.51 to 1.47. According to Lee (1998) the k values of 0.51 indicate a 
soft controlled collision with the object. As these values increase towards 1 the 
collision with the object is described as a hard contact due to the collision becoming 
increasingly more forceful. The high k values of 1.47 found here, where three of the 
participants yielded mean k values larger than 1 (see Table 4.1), is a noteworthy 
finding; parameter k values larger than 1 have not been reported in the experimental 
literature and the hypotheses laid out by Lee (1998) on extrinsic τ-coupling focussed 
on an interpretation of values between 0 and 1. The appearance of k>1 in the present 
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study could be due to a number of factors. One explanation is that the nature of the 
extrinsic action examined required a non-stationary object contact, as a forceful 
collision was required to lift the object off the moving train. Alternatively, the order 
in which the gaps are regressed onto one another determines which gap is deemed to 
be the guiding/leading gap and as such changing the order of the coupling changes 
not only the value obtained for the parameter k, but also the interception strategy 
being examined. Therefore, it is possible that for these three participants the same 
gaps coupled in the opposite order would yield k values less than 1. Changing the 
order of the coupling would give τHI – τ HO and k values would be describing the 
collision between the hand and the point of interception; as opposed to τHO – τ HI 
used in the current experiment which describes the collision between the hand and 
the object. This change in coupling order would be indicative of an alternative 
interception strategy; it is possible that these three participants were aiming for a self 
determined interception point and then timing the arrival of their hand at that point to 
coincide with the arrival of the object. 
  These initial findings indicate τHO – τ HI coupling over approximately the last 
98.5% of the movement; here a linear relationship exists between the two τs where 
they are held in a constant ratio k as signified by the recursive linear regression 
analysis. According to Lee’s (1998) proposal that the parameter k regulates aspects 
of the terminal kinematics of the closure of the hand object gap (HO), these k values 
suggest four of the participant’s hands stopped at the point of contact, indicated by 
0.5 <k<1, whilst the remaining three participants make forceful contact with the 
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4.1.2.2 Kappa Analysis 
Κ(t) represents the evolving relationship between τHO and τHI. Figure 4.3 
shows the range of continuous ratios Κ(t) for each individual participant. If linearity 
is to be assumed from the beginning of the movement or even from the beginning of 
the coupling, then Κ(t) should remain stable until the end of the movement. The 
graphs demonstrate that Κ(t) is not held at a constant value but varies throughout the 
movement. Examination of the plots in Figure 4.3 led to the identification of three 
different segments, distinguishing the beginning, middle and end of the movement 
(see the Methods section for the definition of each segment). The results for these 
segments for individual participants’ Κ(t) can be seen in Table 4.1. 
Initially Κ(t) indicates a range of high and low values across participants (see 
Figure 4.3). The mean Κ(t) across all participants during the initial segment was 0.99 
± 0.51. However, more interestingly the mean standard deviation within the segment 
was 1.61. That is, the variability within a trial during the initial segment was large – 
approximately double that of the mean value. The duration of this first segment of 
instability covers on average the first 15% of the movement, with a between 
participant standard deviation of 5.1% (see Table 4.1). When examining the duration 
of this variability, it covers on average 7.7% of the total movement displacement, 
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Figure 4.3. Time normalised profiles of Κ(t)τHO–τHI coupling, Experiment 1. Graphs 




















































































































Chapter 4: Tau & the Regulation of Reaching 
 105 
Throughout the middle segment of the movement, the mean Κ(t) was 0.93 
with a small standard deviation between all participants (± 0.06). Moreover, the 
value of Κ(t) remained stable within a trial evidenced by a mean standard deviation 
within the segment of 0.06. That is, the variability within a trial was small during the 
middle segment of the movement. The duration of the middle segment was 47.4 
percent of movement time ± 10.9%. Whilst this accounts for approximately half of 
the total movement time, its contribution can be more significantly seen in the 
proportion of movement displacement covered (approximately 70% of the total 
movement displacement). This is due to the high movement velocities between peak 
acceleration and peak deceleration.  
In the final segment of the movement the mean Κ(t) was 0.80 ± 0.08, which 
is lower than the middle segment. Additionally, Κ(t) exhibits increased variability 
when compared to the middle segment, with a mean standard deviation within the 
segment of 0.14 (see Figure 4.3). At object contact the value of Κ(t) appears to drop 
for all participants to a terminal mean Κ(t) value of 0.54 ± 0.04. This change in Κ(t) 
appears highly reproducible as it demonstrates a consistent pattern over trials and 
across participants (see Figure 4.3). The final segment covered the last 37.5% of the 
movement time. This equates to the final 22% of the average movement 
displacement, or the final 7cms prior to object contact. 
The main finding of interest here is that Κ(t) does in fact vary throughout the 
movement, so whilst it appears to be held constant during certain sections of 
movement it also appears to fluctuate during other sections of the movement. 
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4.1.2.3 Comparison of k and Κ(t) Findings 
The initial high variability in Κ(t) suggests linear coupling between τHO – τ HI 
is not always present during the entire first segment of the movement. This finding 
mirrors the results obtained from the recursive linear regression analysis, although 
Κ(t) would suggest that the linear relationship between τs begins later than that 
identified from the recursive regression.  
Whilst Κ(t) was rather variable at movement onset for some participants, it 
then remained stable through a large proportion of the mid-section of the movement, 
particularly where the greatest amount of hand displacement occurred. The value of 
Κ(t) at this point was 0.93 ± 0.06 (see Figure 4.3). In comparison, the constant k 
values observed using the recursive linear regression were 0.97 with a large SD of 
0.34. Therefore, while the mean values of both measures were in agreement the 
variability expressed by the analyses differed considerably.  
The decrease in Κ(t) observed at the end of the movement is less easily 
interpreted. If linearity is to be assumed from the beginning of τ-coupling, then Κ(t) 
should remain constant until the end of the movement. The decrease in Κ(t) shows 
this not to be the case. This challenges the idea that a value of k is set from the 
beginning of the movement and held constant throughout. Furthermore, there is a 
discrepancy between the value of Κ(t) at the end of the movement (0.54 ± 0.04) and 
the parameter k values obtained from the recursive linear regression results (0.97). 
This is an important issue considering k has been proposed as a descriptor of the 
terminal kinematics of the τ-coupled action.  
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To summarise, the aim of this experiment was to test the constant k 
hypothesis, that is, in the case of natural reaching to pick up a moving object, 
whether k is held constant throughout the movement/τ-coupling. To this end the 
relationships between relative duration of coupling and the constant k derived from 
the recursive linear regression and Κ(t) were examined. It was predicted that if the 
constant k hypothesis was correct then Κ(t) would remain constant (at a value similar 
to k) throughout the duration of coupling. The findings indicated this was not the 
case since there was considerable variation of Κ(t), the ratio of gaps over time, 
during the reaches.  
 
Three issues arise from Experiment 1. The first is that the appearance of 
variable nonlinear segments of the coupling ratio may be the result of alternative gap 
couplings, that is, different gaps not included in the present analysis may be linearly 
coupled. Secondly, the disparity between the value of parameter k and the value of 
Κ(t) immediately prior to contact may have implications for the use of parameter k as 
a descriptor of the terminal kinematics of the action. It is possible that manipulating 
task constraints and in turn the kinematics of the action could provide more detailed 
information about the relationship between and compatibility of k and Κ(t). The third 
issue is that the patterns of Κ(t) exhibited in the initiation and low-velocity phases 
may be functional and as a result may change dependent upon task constraints. These 
issues are addressed in the second experiment.   
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4.2 EXPERIMENT 2 
Experiment 1 identified an inconsistency between the constant k hypothesis 
and Κ(t). The ratio of gaps over time, Κ(t), deviated from the parameter k value 
obtained and was not constant but rather varied during the movement. This was 
particularly apparent at the beginning and at the end of the movement, indicating that 
the terminal kinematics of the actions would be interpreted differently dependent 
upon which measure – k or Κ(t) – was used. The implication of the assumption that 
parameter k regulates the kinematics of the movement and describes the terminal 
kinematics of the movement, could be questioned. 
This account of parameter k as a descriptor of the terminal kinematics of the 
movement was tested in Experiment 2, by manipulating the spatial and temporal 
requirements of the task to produce movements with distinct and documented 
kinematic characteristics (Gentilucci, Toni, Daprati, & Gangitano, 1997; Marteniuk, 
Leavitt, MacKenzie, & Athenes, 1990). The intention being that movements with 
different kinematics should result in different k values, and will manifest themselves 
differently in the continuous Κ(t) plots.  
 
4.2.1 Method 
Participants were asked to remove the same small object (65x40x15mm) 
from a toy train moving at a constant velocity round an oblong shaped track (see 
Figure 4.1). Task constraints were manipulated using two conditions with increasing 
levels of spatial and temporal constraint. In the first, the object was to be picked up 
as accurately as possible at a specified point on the straight section of the track and at 
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anytime, resulting in the requirements being spatially specified and the temporal 
requirements left unrestricted. In the second condition, the object was to be picked up 
as late as possible and accurately at a specified point on the straight section of the 
track, that is, the participant should wait as long as possible before initiating the 
reaching movement. Hence, in the second condition the requirements of the task 
were spatially and temporally specified. Accordingly the first condition is referred to 
as the spatial condition and the second condition the spatial-and-temporal condition. 
 
4.2.1.1 Participants 
The seven participants from Experiment 1 returned to take part in Experiment 
2. 
 
4.2.1.2 Equipment and Data Recording 
The equipment and data recording used were identical to that of Experiment 
1. In addition, a marker (30mm by 30mm square) indicating the point at which the 
toy should be removed from the train was placed in line with the end of the straight 
section of the track (on the left side of the participant). 
 
4.2.1.3 Procedure 
The experiment consisted of twenty trials, ten for each of the two task 
conditions. Two practice trials of each condition were given to familiarise the 
participants with the task. The experimenter asked the participants whether they were 
ready to begin, and advised them to start reaching in their own time. The directions 
given to each participant were to pick the ‘train driver’ up off the moving train and to 
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place the toy back on the starting position marker in accordance with the instructions 
that had been given for that particular condition. The task constraint conditions were 
presented in a blocked sequence, with the spatially specified condition trials being 
first, and the spatially-and-temporally specified condition presented second and last. 
 
4.2.1.4 Data Screening and Analysis  
Data screening and analysis were identical to that of Experiment 1 in terms of 
the smoothing and selection of the start and end of the movement. Trials in which the 
hand or object markers were occluded prior to object contact were not included 
within the analysis however; all participants had 7 trials for the spatial condition and 
all but one participant had 8 trials for the spatial-and-temporal condition. One 
participant had no complete trials for the spatial-and-temporal condition and was 
removed from the analysis for that condition, but was included in the spatial 
condition comparisons across movement kinematics, recursive linear regression and 
kappa.  
The hand velocity and acceleration profiles were calculated from the 
displacement of the hand marker. Due to the findings of Experiment 1 identifying 
different Κ(t) patterns dependent on movement segment, the temporal phasing of the 
movement was examined in greater detail in the second Experiment: the first and last 
phases were identical to those examined in Experiment 1 and the middle phase of 
Experiment 1 was subdivided into its constituent components of acceleration and 
deceleration. Therefore, four critical movement phases were identified, which map 
onto those commonly examined in the reaching literature (Churchill, Hopkins, 
Ronnqvist, & Vogt, 2000; Gentilucci, Toni, Daprati, & Gangitano, 1997; Smyth, 
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Anderson, & Churchill, 2001): Phase 1, from the start of the movement to the 
moment of peak acceleration; Phase 2, from peak acceleration to the occurrence of 
peak velocity; Phase 3, from peak velocity to the moment of peak deceleration, and 
finally Phase 4 was determined from peak deceleration to the end of the movement. 
The absolute duration of each phase and their duration as a percentage of total 
movement time were examined between conditions.  
 
Analysis of τ-coupling measures. 
The τ-coupling measures were calculated in the same way as in Experiment 
1. Moreover, to examine whether different informational sources (gaps) were used to 
accommodate the manipulations in task constraints, additional τ-coupling procedures 
were analysed. These were chosen by identifying relevant gaps and using all the 
possible pairings of the τs of the motion gaps seen in Figure 4.1 (HO, HI and OI). 
Initially the τs of gaps HO and HI were calculated as in Experiment 1 and the OI gap 
was derived using the distance ( r ) of the object to the point-of-interception.  
Each of the three procedures analysed in Experiment 2 is the combination of two 
gaps, yielding three different gap-coupling procedures that were identified as 
possible accounts of the guidance of interceptive reaching, namely τHO - τHI 
(procedure 1), τHO - τOI (procedure 2) and τHI - τOI (procedure 3). These three 
different procedures were analysed using the recursive linear regression analysis 
described in Experiment 1. Furthermore a Κ(t) inspection was performed on the three 
τ-coupling procedures; the resultant Κ(t) plots examined were Κ HO - HI, ΚHO - OI and 
ΚHI - OI, derived using Equation 4.3. To enable a direct comparison between the 
kinematic changes, recursive linear regression and Κ(t), each of the three Κ(t) plots 
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were divided into the four different movement phases described in the data screening 
and analysis section. The duration and mean Κ(t) values were then calculated for 
each movement phase for each procedure.  
 
4.2.2 Results and Discussion 
4.2.2.1 Movement Kinematics 
Summaries of the mean results for the spatial and spatial-and-temporal 
conditions can be seen in Table 4.2. Paired sample t-tests indicated a significant 
effect of task condition on the reaching movements produced, and substantiate the 
effectiveness of the instructional manipulation. That is, participants displayed 
significantly shorter movement times in the spatial-and-temporal condition (452 ± 
56ms), almost half that taken in the spatial condition (884 ± 202ms) t(5) = 6.30, 
p<0.05, r = .94. This finding is in agreement with Wing, Turton and Fraser (1986), 
where the effect of instruction to reach and grasp a stationary object was explored. 
Wing et al. (1986) found that ‘fast’ reaches were executed nearly twice as quickly as 
reaches for which no instructions were given. Furthermore, peak hand velocity was 
significantly reduced in the spatial condition (1323 ± 368mm/s), in comparison with 
the spatial-and-temporal condition (2239 ± 378mm/s) t(5) = -18.66, p<0.05, r = .99. 
Therefore, in agreement with Fitts Law (1954), the findings indicate the hand was 
moving more slowly, and for longer, in the spatial condition to ensure a higher level 
of accuracy. However, the hand acceleration at object contact was not statistically 
different between the two conditions (t(5) = -0.69, p=0.52, r = .29) due to the large 
variability observed in the spatial-and-temporal condition (M = 1098.81 ± SD = 
6741.56) compared with the spatial condition (-576.36 ± 1131.51). 
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Figure 4.4A shows the temporal contribution of each movement phase. Two-
way ANOVA with repeated measures for condition (x2) and phase (x4) did not 
reveal an effect of task condition on the duration of phase as percentage of 
movement time (F(1, 5) = 3.50, p=0.12), suggesting a common scaling of the 
temporal structure of the phases according to the total movement duration. The 
assumption of sphericity was violated for the main effect of phase, 
2
(5)=14.47, 
p<0.05, and the interaction effect between condition and phase, 
2
(5)=12.93, p<0.05. 
Greenhouse-Geisser correction revealed a main effect of phase on the duration of 
phase as percentage of movement time (F(1.19, 5.96) = 14.00, p<0.05, partial η2 = 
.74). Planned contrasts examining the symmetry of the phases revealed that Phase 4 
was significantly longer than Phase 1, F(1, 5) = 19.40, p<0.05, partial η2 = .80 and 
that Phase 3 was significantly longer than Phase 2, F(1, 5) = 25.50, p<0.05, partial η2 
= .84. Therefore, the four phases were not equally distributed; the longer decelerative 
 Spatial  Spatial & Temporal 
 M  SD  M  SD 
        
        
Movement Time 0.88 ± 0.20  0.45 ± 0.06 
Peak Velocity 1323.18 ± 367.66  2239.45 ± 377.87 
Hand Acceleration  
at Contact -576.36 ± 1131.51  1098.81 ± 6741.56 
        
Phase Duration (% MT)        
1 12.30 ± 2.45  15.14 ± 3.48 
2 20.99 ± 2.49  21.12 ± 2.31 
3 27.99 ± 4.84  44.67 ± 13.82 
4 38.72 ± 5.49  19.08 ± 14.11 
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phases (Phases 3 and 4) indicate a non-symmetrical velocity profile, with a larger 
proportion of deceleration than acceleration (see Figure 4.4A and Table 4.2).  
 
 
Figure 4.4. a) Mean relative duration of movement phases as a percentage of total 
movement time. b) Mean duration of the three τ-coupling procedures as a percentage 
of movement time, calculated using the recursive linear regression. 
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There was a significant interaction between task condition and movement 
phase (F(1.17, 5.84) = 8.89, p<0.05, partial η2 = .64). Contrasts revealed a significant 
interaction between Phase 3 and Phase 4 across the task conditions (F(1, 5) = 9.45, 
p<0.05, partial η2 = .65). These effects reflect that Phase 4 in the spatial condition 
was long with a mean duration of 38.27% ± 5.07%; whereas in the spatial-and-
temporal condition Phase 3 was long (44.67% ± 13.82) and Phase 4 was significantly 
shorter with a mean of 19.08% ± 14.11% (see Figure 4.4A). This finding 
demonstrates that the effect of task condition was evident in the proportion of Phase 
3 to Phase 4. This finding is best explained in relation to the traditional bell-shaped 
velocity profile utilised to describe the hand movement during reaching actions 
(Berthier, Clifton, Gullapalli, McCall, & Robin, 1996; Gentilucci, Toni, Daprati, & 
Gangitano, 1997). Increased accuracy requirements – in this case the spatial 
condition – are associated with an asymmetric profile with an elongated deceleration, 
specifically a long tailing-off of the final low-velocity phase (Phase 4). This profile is 
reversed in the spatial-and-temporal condition with a ‘wider’ bell-shaped velocity 
profile to maintain high velocity of the hand for longer before a sudden and sharp 
deceleration, causing a short final low-velocity phase.  
On the basis of these findings, predictions can be made regarding the effects 
of task manipulations on τ-coupling measures, in particular on parameter k. The 
spatial-and-temporal condition exhibited higher movement velocities which, it may 
be predicted, are associated with higher parameter k values. In employing Κ(t) the 
continuous action is examined enabling a detailed time dependent inspection of the 
movement; in particular, the contribution of different gap couplings during the 
deceleration and final low-velocity phases can be explored.  
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4.2.2.2 τ-coupling: Recursive Linear Regression Analysis 
A summary of the τ-coupling regression variables for the task conditions can 
be found in Figure 4.4B and Table 4.3. The outcome variables of relative duration of 
coupling and k were statistically analysed using repeated measures ANOVA in a 2 
(condition) by 3 (τ-coupling procedure) design. The first point to note is that the data 
are in agreement with the suggestion of Lee et al. (2001) that more than one τ-
coupling is possible during an action.  
The duration of the linear relationship between the selected τs as a percentage 
of the total movement time contained no main effect of task condition (F(1,5) = 1.38, 
p=0.29), but there was a significant main effect of τ-coupling procedure on the 
relative duration of the coupling (F(2,10) = 57.74, p<0.01, partial η2 = .92). The τ-
coupling procedure HO-HI exhibited significantly longer durations of coupling 
(91.6% and 91.0% of movement time, respectively) compared with either of the 
other procedures examined (HO-OI: 39.4% and 35.4%; HI-OI: 51.5% and 33.0%). 
The reduced duration of coupling using the last two procedures could be explained 
by the constant velocity of the object; in this instance the τ-coupling procedure 
becomes equal to the ‘constant τ  strategy’ described in the introduction, which only 
accounts for the deceleration phase of the coupled movement (see Lee, 1998 for a 
detailed account).  
Examining the constant k value revealed no main effect of task condition 
(F(1,5) = 0.76, p=0.42). There was, however, a significant main effect of τ-coupling 
procedure (F(2,10) = 30.21, p<0.05, partial η2 = .86), with the τ-coupling procedure 
HO-HI yielding k values that were significantly higher (1.31 and 1.29) than the other 
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These findings indicate that the kinematic differences observed as a result of 
manipulating task conditions were not reflected in the measures obtained from the 
recursive linear regression analysis. That is, no effects of manipulating the spatial 
and temporal requirements of the task were found on either the parameter k values or 
the relative duration of τ-couplings. Therefore, by employing solely the recursive 
linear regression it was not possible to distinguish between the two experimental 
conditions. A possible explanation for this relates to a previous finding in the 
movement kinematics analysis, in which the ratio of acceleration to deceleration did 
not significantly differ between conditions. These findings combined could suggest 
that in terms of the description of kinematics, the sensitivity of the recursive linear 
regression is limited to the proportion of acceleration to deceleration within a task. 
 
4.2.2.3 τ-coupling: Kappa Analysis 
Figure 4.5 shows the average continuous ratio, Κ(t), of the τs of the motion-
gaps for each τ-coupling procedure (Κ HO – HI, Κ HO – OI and Κ HI – OI) for the two task 
conditions. The mean Κ(t) results for each movement phase can be seen in Table 4.3. 
τ-coupling Κ HO – HI : In Κ HO – HI, the same τ-coupling procedure as examined 
in Experiment 1, plots indicate a marked increase in Κ(t) during Phase 1 of the 
movement (see Figure 4.5A). For both task conditions a stable section of Κ(t) was 
found during the middle of the movement. In the spatial condition the stability was 
during Phases 2 and 3, where the mean values of Κ(t) were 0.90 ± 0.02 and 0.86 ± 
0.03 respectively. This same low variability was also evident in Phase 2 of the 
spatial-and-temporal condition, with a mean Κ(t) value of 0.94 ± 0.01, after which 
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there was a marked increase in variability during Phase 3 (0.99 ± 0.11). During Phase 
4 of the spatial condition the value of ΚHO – HI decreased at contact with low 
variability between all participants (0.84 ± 0.05). In the spatial-and-temporal 
condition the high variability in Κ(t) continued in the final phase of the movement 
(0.56 ± 0.14), as seen in Figure 4.5A.  
These findings indicate that both task conditions exhibited high variability 
between participants during the initial phase and low variability during the stable 
middle segment of the movement; the obvious difference between task conditions 
was the increased variability across participants in the final phase of the spatial-and-
temporal condition.  
τ-coupling Κ HO – OI : Procedure Κ HO – OI begins with large variability of Κ(t) 
(spatial condition 6.82 ± 24.08 and spatial-and-temporal condition -2.62 ± 7.34), 
before demonstrating a sharp drop during Phase 1 (see Table 4.3 and Figures 4.5B). 
Following this Κ(t) slowly declines during Phase 2. Here the spatial condition 
exhibits low SD across participants (0.76 ± 0.06), with the spatial-and-temporal 
condition demonstrating only slightly larger variation (0.73 ± 0.10). In both 
conditions Κ(t) finally stabilises during Phase 3, with the spatial condition continuing 
to be consistent across participants (0.46 ± 0.02) and the variability in the spatial-
and-temporal condition increasing (0.41 ± 0.12). During Phase 4 the variability in 
both conditions is increased in comparison to Phase 3. The terminal Κ(t) values for 
procedure Κ HO – OI were highly consistent between all participants with a small SD of 
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τ-coupling Κ HI – OI : The findings of procedure Κ HI – OI mirror the results for 
the second procedure Κ HO – OI. During Phase 1, there is an extended downward trend 
in Κ(t) in both task conditions (see Figure 4.5C). The slow decline during Phase 2 is 
again highly reproducible across participants in the spatial condition with a mean 
Κ(t) of 0.83 ± 0.05, and a larger degree of variability in the spatial-and-temporal 
condition (M=0.78 ± 0.10). Κ(t) stabilises during Phase 3 with low variability in the 
spatial condition (0.53 ± 0.04) and higher variability in the spatial-and-temporal 
condition (0.44 ± 0.14). In Phase 4 of the spatial condition Κ(t) appears to increase 
steadily towards the end of the movement with a mean value of 0.72 ± 0.08. This can 
be contrasted with the erratic behaviour of Κ(t) at the end of the spatial-and-temporal 
condition where Phase 4 mean Κ(t) values were 0.38 ± 0.69 (see Figure 4.5C). 
In agreement with the findings of Experiment 1, these findings indicate Κ(t) 
was not held at one constant value throughout the movements (see plots in Figure 
4.5) . The difference between conditions appears to be the variability in Κ(t) towards 
the end of the movement, with Κ(t) plots for all three τ-coupling procedures 
displaying larger variability during the final low-velocity phase of the spatial-and-
temporal condition. 
 
4.2.2.4 Comparison of k and Κ(t) Findings 
For procedure Κ HO – HI, the increase in Κ(t) during Phase 1 of the movement 
is in agreement with the relative duration of coupling results obtained from the 
recursive linear regression analysis, indicating that coupling does not begin 
immediately but starts approximately 10% into the movement. However, the  
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non-stable patterns of Κ(t) during Phase 4 do not support a constant coupling 
relationship until the moment of contact. Turning to the beginning of the coupled 
section of the movement – expressed in Κ(t) by the stability and low variability of 
Phases 2 and 3 – the value of k obtained from the recursive regression (1.31 for the 
spatial condition and 1.29 for the spatial-and-temporal condition) are not directly in 
agreement with the mean Κ(t) values during Phases 2 and 3 of the movement. In 
terms of the terminal kinematics of the movements, the final Κ(t) values did not 
differ between conditions (0.44 ± 0.02 and 0.40 ± 0.05). They were, however, lower 
than the corresponding k values of 1.31 and 1.29, derived from the regression 
analysis (see Table 4.3).  
For procedures Κ HO – OI and Κ HI – OI, the initial instability in Κ(t) appears to 
be less than that expressed by the recursive linear regression (see Figure 4.5B and C): 
that is, the mean Κ(t) values seen in Table 4.3 indicate high variability occurred only 
during Phase 1 of the movement, whereas the recursive linear regression indicated 
that no coupling was present during the entire first half of the movement (see Figure 
4.4). This highlights that the relative duration of coupling obtained from the 
regression appears to be more conservative than the Κ(t) plots suggest. In contrast, 
the final sections of movement deemed to be τ-coupled by the recursive linear 
regression do not exhibit the stability expected and instead Κ(t) appears to fluctuate.  
Summarising the Kappa analysis, Κ(t) was found to be non-constant, 
demonstrated initial variability and in some instances indicated reproducible non-
linear patterns. At times Κ(t) agreed with the relative duration of coupling measures 
obtained from the recursive linear regression, but showed the regression to often be 
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conservative in the early movement phases where low Κ(t) standard deviations 
would otherwise indicate the presence of τ-coupling. At the end of the movement the 
opposite was true – no evidence was found in Κ(t) to support the assumption of the 
recursive linear regression that a linear ratio of coupling continues until the point of 
contact. Due to the final decrease in Κ(t), neither the values for Phase 4 nor the final 
values of Κ(t) corresponded to the k obtained from the recursive regression.  
As in Experiment 1 these findings demonstrate a clear lack of agreement 
between the Κ(t) and recursive linear regression analyses regarding the extent of 
coupling and its timing within the action; specifically, it appears that the regression 
analysis identifies nonlinear segments as being linearly coupled. This strengthens the 
argument against the use of k (derived from the recursive linear regression) as a 
descriptor of the terminal kinematics of extrinsically guided movements. 
To conclude, Experiment 2 tested the account of parameter k as a descriptor 
of the kinematics of action. It was hypothesised that movements with different 
kinematics would exhibit different k and Κ(t) values. While the present manipulation 
did not have an effect on the ratio of acceleration to deceleration, perhaps due to the 
high accuracy demands already associated with intercepting a moving object; results 
from the movement phase analysis indicated subtleties between task conditions in 
terms of the final hand deceleration towards the object.  
The k values, obtained from the recursive linear regression, were not affected 
by task manipulations. In contrast, careful inspection of Κ(t) did reveal effects of task 
manipulations, which can be described relative to the temporal structure of the 
movement, i.e. the changing contribution of the low-velocity deceleration phase. The 
findings suggest that the shape of the Κ(t) profile may provide a description of how 
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the coupling and regulation of gap information adapts during the initiation, guidance 
and control of collision in reaching actions. 
 
4.3 GENERAL DISCUSSION 
The current study set out to investigate the control laws adopted during the 
hand transport phase of the reach, specifically to examine the selection and 
continuous guidance of perceptual information. The concept of τ-coupling set out by 
Lee (1998) posits that the relationship between the τs of coupled gaps is a constant 
one, specified by the constant k, a parameter that regulates the kinematics of gap 
closure. The aim of the current study was to empirically examine this assumption of 
τ-coupling. To achieve this, τ-coupling of relevant gaps during interceptive reaching 
towards a moving object was examined. In Experiment 1 task constraints were left 
open, whereas Experiment 2 involved manipulation of the spatial and temporal 
requirements of the reaching task. The generally adopted recursive linear regression 
analysis was employed and an additional analysis was developed based on the 
continuous ratio, Κ(t), of the τs of motion gaps (see Equation 4.3). 
The first research question tested the constant k hypothesis, specifically it 
addressed whether the ratio of motion gaps, k, is held constant throughout the 
reaching movement. It has been assumed that the value of parameter k is constant 
throughout the movement and that it may be determined from movement outset 
(Craig & Lee, 1999; Lee, 1998; Lee, Craig, & Grealy, 1999; Lee, Georgopoulos, 
Clark, Craig, & Port, 2001). Therefore, according to Lee’s (1998) definition one 
would assume that the presence of τ-coupling would be indicated by Κ(t) with a 
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straight flat profile with one value throughout the duration of gap coupling. Results 
of the relative duration of coupling, obtained from the recursive linear regression, 
and the high variability observed in Κ(t) during the initiation of the movement 
demonstrated that τ-coupling was not routinely established at the onset of the 
reaching movement. Profiles of Κ(t) indicated that the ratio of the motion gaps was 
constant through the middle phase of the movement; however, this ratio did decrease 
during the low-velocity phase of the hand transport, albeit in a highly consistent 
manner across trials. It was concluded that after an initial delay, the τs of the motion 
gaps were coupled in a continuous rather than constant ratio. 
The second question addressed k as a descriptor of movement kinematics, in 
particular whether the value of k describes the kinematics of hand-object collision 
under different spatial-temporal task constraints. It was shown that when employing 
the recursive linear regression no effects of task condition were detected in either the 
duration of coupling as a percentage of movement time or in the parameter k values. 
However, Κ(t) was sensitive to task manipulations that had an effect on the 
constituent components of the deceleration phase. It was concluded that Κ(t) 
provides a measure of the way in which the ratio of the τs of the motion gaps are 
continuously regulated to adjust to the task demands associated with different phases 
of the reaching action. 
 
4.3.1 Analysis and Measures of τ-coupling 
The findings of both experiments indicated that a discrepancy exists between 
measures of τ-coupling derived from the recursive linear regression analysis and 
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those obtained from analysis of Κ(t). Measuring extrinsic τ-coupling in the reaching 
task, the recursive linear regression indicated coupling in the final low-velocity phase 
for all participants, based on the assumption of a constant linear ratio. Instead, the 
ratio of coupling was not held constant until contact, as seen in the decrease of Κ(t) 
at the end of the movement. The problem lies in the fact that a main condition of the 
recursive linear regression is that the calculation of the linear relationship must 
extend up until the point of contact. Therefore, the linear regression implicitly 
assumes that there is a linear τ-coupling relationship during the final low-velocity 
phase of the movement; the Κ(t) results indicated that this was not the case. 
Analysis of Κ(t) demonstrated that the τ-couplings examined were not a 
constant linear relationship throughout the entire movement, but instead, that the 
ratio of τs evolved throughout the ongoing movement. The implication of this 
finding is that the stability of Κ(t) provides a continuous description of the ratio of 
closure of the gaps. In comparison, the k value derived from recursive linear 
regression analysis provides an estimate for the entire movement, and as such has to 
be seen as a summary of the coupling. It therefore becomes clear that what 
constitutes τ-coupling can be conceptualised in more than one way: either as gaps in 
a linear ratio with a single constant value, although not necessarily throughout the 
entire movement (in which case recursive linear regression may not be the most 
appropriate method of analysis as it assumes coupling until contact) or as τs, of gaps 
in a continuously changing ratio (in which case smooth non-linear patterns that are 
reproducible over trials can also be evidence of τ-coupling, requiring the 
examination of Κ(t)). 
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Κ(t) widens the possibilities of τ-coupling analysis and enables the 
exploration of additional lines of research that were not possible by applying a 
recursive linear regression analysis. Future investigation could examine an account 
of movement guidance based on a nested set of τ-couplings, whereby the gap 
couplings used may change during the unfolding of the movement dependent upon 
evolving task goals. This is made possible because Κ(t) overcomes the issues 
associated with the recursive linear regression’s assumption of linear coupling until 
contact. Such an approach could be developed to address the Κ(t) findings observed 
in both the initial acceleration and the final low-velocity phases of the current 
experiments and explain the qualitative differences between them. 
 
4.3.2 Delayed Onset of Coupling 
There are methodological and conceptual explanations for the high variability 
in K(t) found at the beginning of the movement. Firstly, a conceptual explanation for 
the absence of coupling during the initial acceleration is the possibility of a delayed 
onset of coupling during this first phase of the movement. That is, from an 
information based account of τ-coupling, information about the motion gaps has to 
picked up before they can be coupled (cf. Lee, Craig, & Grealy, 1999). In this sense, 
it may be considered that the initiation of action will itself generate perceptual 
information essential for the regulation of τ-coupling. 
This interpretation leaves open the issue of what causes initiation, and 
emphasises that information for the initiation of a movement and the information 
used for its subsequent guidance are not necessarily one and the same. As such, 
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common criticisms of the use of τ in the form of time-to-contact (ttc) and τ-margin 
for the initiation of movement (see Wann, 1996) do not provide any justification that 
τ  information is not utilised for the ongoing guidance of movement. 
It could be suggested that the absence of τ-coupling during the initial 
acceleration phase found in the present study, may be due to an altogether different 
τ-coupling being underway during the initial movement phase. This was explored in 
Experiment 2. The results showed that, in the present study, the continuous guidance 
of hand transport could be explained most fully by τ-coupling the closure of the 
hand-object gap with the hand-interception gap. If however any other gap couplings 
were regulated during the action, the results of Experiment 2 suggest it is more likely 
that this occurred at the end of the movement, rather than at the beginning. 
Finally, the increased variability observed in Κ(t) at the beginning of the 
movement may be due to the nature of the τ calculation and its numerical solution 
from position and velocity data. Low velocity movements introduce inaccuracies to 
the calculated value of τ , due to the denominator, velocity of gap closure, exhibiting 
small values. This is also reported as the low velocity argument (see Bingham & 
Zaal, 2004). The reason the same variability was not found in the final low-velocity 
phase, which generally exhibited low variability over trials, is that the low velocity 
argument is amplified  in the initial acceleration phase due to a larger nominator, 
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4.3.3 Κ(t) as a Descriptor of Reaching Kinematics 
In the present study, the continuous guidance of hand transport could be 
explained most fully by τ-coupling the closure of the hand-object gap with the hand-
interception gap, during part of the reaching movement. It appears the continuous 
value of Κ(t) is commensurate with Lee’s account of the ratio of coupling as a 
descriptor of movement kinematics. In this instance, as opposed to a summary of the 
kinematics derived from k, a continuous description of the kinematics can be 
obtained from Κ(t). For example, throughout the middle section of the movement 
where the largest movement displacement was covered, a Κ(t) of around 1 indicated 
rapid acceleration, which if continued would result in collision with the object; 
however towards the end of the movement, Κ(t) dropped to values below or around 
0.5 indicating a controlled collision with the object. Thus the shape of the Κ(t) 
profile may provide a useful tool for understanding the initiation, guidance and 
control of collision in reaching actions. 
The analysis presented suggests that the phase of initial acceleration and the 
final low-velocity phase were very different from the distance covering high velocity 
acceleration and deceleration phases of the movement. As such they may be seen as 
serving alternative goals. While it has been proposed that the initial acceleration is 
concerned with establishing information necessary to initiate τ-coupling; the 
decrease in Κ(t) at the end of the movement could be an indicator that different gap 
couplings may be used during this portion of the action. The goal of the final low-
velocity phase is transport towards the object but instead of hand transport it is 
concerned with closing the fingers and thumb around the object to make controlled 
contact with it and lift it off a moving trajectory. In this case it appears logical that 
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the gap couplings would need to change with the continuously evolving task 
demands. Specifically, as the grasp becomes the dominant goal the end-effector 
would be expected to change from the wrist, to the thumb and fingers. Here the 
prediction would be that in the final low-velocity phase another τ-coupling comes 
into effect, involving gaps that are most relevant in relation to the grasp. 
 
4.3.4 Considerations for General τ Theory 
As previously stated, the concept of τ-coupling set out by Lee (1998) posits 
that the relationship between the τs of coupled gaps is a constant one, specified by 
the constant k, a parameter that regulates the kinematics of gap closure. 
Subsequently, Lee et al. (2001) stated that more complex couplings, such as those 
systematically varying the ratio between two τs over time were not considered in the 
current form of the theory. The justification for this was that more complex 
hypotheses should only be introduced when found to be necessary. The findings 
presented in this study highlight the importance of clarifying what constitutes as τ-
coupling, whether the relationship between the τs must be linear and continue until 
the point of contact, can be linear during particular phases of the movement or can 
even be non-linear and whether low-variability over trials and participants is 
indicative of the use of a τ-coupling strategy. Therefore it is suggested here that in 
order to fully understand extrinsic τ-coupling in interceptive reaching, perhaps more 
complex couplings, such as those systematically varying the ratio between two τs 
over time, may now be necessary. 
With these developments interpretation of what may constitute as gap-
coupling may appear increasingly more complex. While Brouwer, Brenner and 
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Smeets (2003) may have indicated that artificially generated data fulfilled the 
requirements of τ-coupling employing a recursive linear regression analysis; the data 
presented here emphasises the importance of the logical selection of appropriate gaps 
and that Κ(t) profiles be treated with a rational reference to the complexities of the 
given task, its movement goals and the resultant observed kinematics. 
To conclude, a new τ-coupling analysis was introduced by inspecting and 
describing the continuous ratios of the τs of motion gaps relative to the kinematics of 
the phases of the reaching action. The development of Κ(t) enables the examination 
of the evolution of gap couplings which when combined with an appropriate scale 
(such as key movement phases) can indicate the role that perceptual information 
plays at critical moments during the movement. These findings offer an opportunity 
to expand on our present understanding of a coupling ratio and what it means to 
guide movement by coupling the closure of gaps. 
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In the previous two chapters: Chapter 3 demonstrated that the effects of affordance 
perception extend beyond movement initiation to directly influence the action 
produced; meanwhile, Chapter 4 indicated that the control laws used to guide the 
reaching action may evolve as the action unfolds. This chapter focused on bringing 
together the concepts of affordance perception and continual guidance of movement 
to investigate the emergence of the grasping action. In particular, this study 
examined when, in the action, grip configuration is selected and how this decision is 
manifested in the guidance and coordination of the grasp.  
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5.0 INTRODUCTION 
A relatively small selection of digit postures are regularly observed in human 
grasping actions; these can be considered as task specific postures or preferred grip 
configurations. Various attempts have been made to classify these grip 
configurations according to the anatomical positioning of the hand (Cutkosky, 1989; 
Kamakura, Matsuo, Ishii, Mitsuboshi, & Miura, 1980), the function of the grip 
(Elliott & Connolly, 1984; Landsmeer, 1962; Napier, 1956) and the dynamics of 
applying opposing forces during the grasp (Iberall, Bingham, & Arbib, 1986). 
Research identifying the points of transition between different preferred grip 
configurations, and indeed the nature of these transitions, have utilised a continuum 
of grasping actions (Cesari & Newell, 1999, 2000a, 2002; Newell, McDonald, & 
Baillargeon, 1993; Newell, Scully, McDonald, & Baillargeon, 1989; Newell, Scully, 
Tenenbaum, & Hardiman, 1989; van der Kamp, Savelsbergh, & Davis, 1998). The 
aim of the current study is to extend this research by investigating when, in the 
action, grip configuration is selected and how this decision is manifested in the 
guidance and coordination of the grasp. It is anticipated that the insights gained will 
increase understanding of the emergence of grasping actions.  
 
5.0.1 Scaling Grip Configuration 
The grip configuration most prevalent in the literature is the two-digit pincer 
gripcommonly associated with small objects and employed in situations requiring 
a high degree of accuracy (Bootsma & van Wieringen, 1992; Jeannerod, 1984; 
Pauligan, Frak, Toni, & Jeannerod, 1997). As the accuracy requirements of a task 
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vary and the size of the object to be grasped increases, the change to an alternative 
grip configuration involving three or more digits is observed. 
The relationship between body scale and preferred grip configuration has 
been well documented by Newell and colleagues (Cesari & Newell, 1999, 2000a, 
2000b; Newell, McDonald, & Baillargeon, 1993; Newell, Scully, McDonald, & 
Baillargeon, 1989; Newell, Scully, Tenenbaum, & Hardiman, 1989). Their studies 
investigated the relative frequency of grip use, classified by the number of digits in 
contact with the object, when picking up and displacing a series of different sized 
cubes. Scaling object size according to relevant body-scaled information, such as 
hand length and digit range of motion, revealed that preferred grip configurations 
were invariant across individuals (Newell, Scully, Tenenbaum, & Hardiman, 1989), 
ranging from infants as young as 5-months old to adults (Newell, McDonald, & 
Baillargeon, 1993; Newell, Scully, McDonald, & Baillargeon, 1989). 
Extending these findings, Cesari & Newell (1999, 2000a, 2000b) identified 
body-scaled equations to predict the points of transition between the number of digits 
used in a grip configuration. These points of transition, scaled according to object 
size, mass and density, were again found to be invariant across young children and 
adults. The formalised body-scaled relation (presented in Equation 5.1) incorporates 
not only object size but also object mass, where Lo and Mo are the length and mass of 











log    (Equation 5.1) 
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According to this equation, the K value is the body-scaled relation that 
specifies the information for the organisation of the grip (see also Cesari & Newell, 
2002). Thus, at given values of K, transitions between grip configurations occur. The 
point to note here is, if the grip configuration is apparent prior to contact
4
 (Cesari & 
Newell, 1999, 2000a, 2002; Newell, Scully, Tenenbaum, & Hardiman, 1989), then 
information specifying the K value must be perceptually available for detection prior 
to object contact. 
In addition to reporting the relative frequency of grip utilisation, Cesari and 
Newell (2002) also examined the relation between the invariant (K value from 
Equation 5.1) and the temporal components of prehension (the duration of reach, 
grasp and displacement phases). Although findings of the reach component were not 
presented, effects of the scaling relation were found on the duration of the grasp and 
displacement phases of the action (Cesari & Newell, 2002).  
Studies focusing on the coordination and functional relation between the 
digits after object contact have shown the organisation of force output of each digit 
varies as a function of the digit, grip width and grip configuration (Jordan, Pataky, & 
Newell, 2005; Sharp & Newell, 2000). The scaling of grip configuration in terms of 
the coordination between digits during hand transport and closure prior to object 
contact has, however, received less attention. This begs the question: ‘when in the 




                                                 
4
 This assumption of the prehension scaling literature can be traced back to Jeannerod’s (1984) 
descriptive account of the appearance of a generalised opening and closing of the digits in the control 
of grip aperture. 
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5.0.2 Phase Transitions 
The transition from one classification of grip to another is an appealing 
concept, borrowed from dynamical systems theory, where it refers to a critical point 
or phase transition from one stable state to another (Haken, Kelso, & Bunz, 1985; 
Kelso, 1984; Kelso, Schöner, Scholtz, & Haken, 1987; Kugler, Kelso, & Turvey, 
1980; Schöner & Kelso, 1988). According to dynamical systems theory, movement 
pattern is the result of self-organisation and emerges from the dynamics of the 
system and its informational constraints (Kugler, Kelso, & Turvey, 1980). 
Dynamical systems are described in terms of their fixed points (stable states) and 
control parameters. The transition, the point where the system becomes unstable and 
a sudden shift to another movement pattern is observed, indicates a discontinuous 
change in macroscopic order (Kelso, Schöner, Scholtz, & Haken, 1987; Schöner & 
Kelso, 1988). Transitions are characterised by sudden jumps between movement 
patterns, hysteresis (the transition occurs at different points depending on whether 
the object sizes are presented in an increasing or decreasing order), enhanced 
variance and multistability (Kelso, 1984, 1995). 
In relation to grasping, application of dynamical systems theory has focused 
on two levels of analysis. One application has been used to address the nature of the 
transition between different grasping actions (Steenbergen, Marteniuk, & 
Kalbfleisch, 1995; van der Kamp, Savelsbergh, & Davis, 1998; Wimmers, 
Savelsbergh, Beek, & Hopkins, 1998; Wimmers, Savelsbergh, van der Kamp, & 
Hartelman, 1998). Van der Kamp, Savelsbergh and Davis (1998) examined the 
nature of the phase transition between one- and two-handed grasping by recording 
the frequency of grasp utilisation, as a function of object size, and whether it 
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exhibited signs of a discontinuous phase transition. Hysteresis was present, with the 
change from a one-handed to a two-handed grasp occurring at a larger cube 
size/finger span ratio in the condition where objects were presented by increasing 
size. From this finding, along with the presence of increased variance and 
multistability, the authors concluded that a discontinuous phase transition exists as 
the system becomes unstable and a shift to a qualitatively different action occurs. 
These studies have defined instability and phase transition as variability across 
repetitions, that is, across successive trials. 
The other application has focused on the dynamics and transitions occurring 
within a prehensile action (Zaal & Bootsma, 2004; Zaal, Bootsma, & van Wieringen, 
1998, 1999). Schöner (1990) generalised concepts of dynamical systems theory to 
describe discrete movements, where a dynamic description is achieved by identifying 
the intrinsic dynamics in terms of transitions from initial to target postural states. The 
intrinsic dynamics require the initial and target postural states to be set by the system, 
in this case, by the intention of the actor (Schöner, 1990). Such an account would 
imply knowledge, on the part of the actor, regarding the form of the grip 
configuration to be utilised. Building on previous models, Schöner (1994) 
demonstrated that action emerges from the dynamic coupling between perceptual 
information and movement, where the transition from one posture to another posture 
is guided by continuous coupling of action dynamics and perceptual information. 
Similar models have been effectively utilised to account for the coordination between 
reach and grasp components in static and dynamic prehension (Zaal & Bootsma, 
2004; Zaal, Bootsma, & van Wieringen, 1998, 1999). Zaal, Bootsma and van 
Wieringen  (1998) modelled a continuous dynamical coupling of reaching and 
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grasping. Focusing on the transition from hand opening to hand closing, they 
demonstrated that the stability of these two fixed hand postures was affected by a 
perceptual variable specifying time-to-contact. Although these studies did not 
specifically address the issue of grip configuration, they highlight the possibility that 
transition between two grasping patterns could be defined by increased instability 
within a single action. 
 
5.0.3 Control of Grasping Movements 
Following Jeannerod’s initial consideration of prehension as the coordination 
of reach and grasp components (Jeannerod, 1984), there has been a wealth of 
research examining the control of both components and their apparent coordination. 
While there have been many opposing views, one point in general agreement is that 
object properties exert their influence during the deceleration phase of the movement 
(Jeannerod, 1984; Marteniuk, Leavitt, MacKenzie, & Athenes, 1990; Zaal & 
Bootsma, 1993). The effect of object size and width on the kinematics of the grasp 
have received a great deal of attention (Bootsma, Marteniuk, MacKenzie, & Zaal, 
1994; Bootsma & van Wieringen, 1992; Fitts, 1954). Marteniuk, Leavitt, MacKenzie 
and Athenes (1990) found an effect of object diameter on movement time, showing 
that as object diameter increased there was a linear decrease in movement time. 
Investigation by Zaal and Bootsma (1993) suggested that the effects observed on 
movement time relate to the surface area available for contact, rather than object 
diameter per se. In this case, the surface available for contact acts to spatially 
constrain the end-point accuracy of the grasping action, in accordance with a Fitts’ 
law speed-accuracy trade-off. This effect of object width on movement time has been 
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shown to assert itself by means of an increase in the duration of the deceleration 
phase of the movement (Bootsma, Marteniuk, MacKenzie, & Zaal, 1994).  
The grasping action is frequently characterised in terms of the hand aperture 
(the displacement between the thumb and index-finger). The peak aperture, the size 
of maximum hand opening, has been shown to be a linear function of object size 
(Jakobson & Goodale, 1991; Marteniuk, Leavitt, MacKenzie, & Athenes, 1990; Zaal 
& Bootsma, 1993). Gentilucci Chieffi, Scarpa and Castiello (1992) reported that 
duration of hand closure was constant over different amplitudes, and over 
perturbations in object location, drawing the conclusion that initiation of hand 
closure was timed relative to the time remaining until object contact. However 
subsequent studies have not repeated these findings (Zaal, Bootsma, & van 
Wieringen, 1998).  
More recently, the study of grasping actions has focused on the control and 
coordination of multidigit grasping (Castiello, Bennett, & Stelmach, 1993; 
Gentilucci, Caselli, & Secchi, 2003; Santello, Flanders, & Soechting, 2002; Santello 
& Soechting, 1997). Both target characteristics and the grasp adopted (precision grip 
versus whole hand prehension) have been shown to influence the temporal 
organisation of the grasp component (Castiello, Bennett, & Stelmach, 1993). They 
found, irrespective of object size, peak grip aperture occurred earlier for precision 
that whole hand grips. Moreover, using unconstrained grip configurations, it was 
shown that, following perturbation of object size, participants switched from one grip 
configuration to another with little or no increase in movement duration.   
Examining finger control in the tripod grasp (i.e. thumb, index and middle 
finger) Gentilucci, Caselli and Secchi (2003) found that, both during and at the end 
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of the grasp, the relative spatial position between the three fingers varied according 
to object size. This study highlighted two important points. Firstly, finger control can 
be different within the selection of the same type of grasp. Specifically, when the 
tripod grasp was made to large objects, the index and middle finger were in 
opposition to the thumb; conversely, in tripod grasps made to small objects, the index 
finger was in less opposition to the thumb, with respect to the middle finger. The 
second, and related, point is that their data supported Iberall, Bingham and Arbib’s 
(1986) model that grasp is achieved by using two virtual fingers, formed by the 
thumb and one or more fingers, that synchronously open and close on the object 
along the opposition space  (Gentilucci, Caselli, & Secchi, 2003). 
When taken in combination, this literature highlights the complexities 
involved in the informational constraint of grasping actions. Such findings suggest 
that even the two ‘stable states’ referred to by previous accountsnamely a 2-digit 
and a 3-digit grip would be expected to exhibit internal variability; thus adding an 
increased level of difficulty in defining these stable states. 
 
5.0.4 The Present Study 
The study to be reported here investigates digit coordination prior to object 
contact in a prehension scaling experiment. Focusing on the transition from the use 
of a two-digit pincer grip (index-finger and thumb) to a three-digit grip (most 
commonly the index-finger, middle finger and thumb), the study examined the 
perceptual control of grasping movements, made to a series of small stationary cubes 
that varied in size. The main research question tested was whether the grasp selection 
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‘decision’ is made before or during the action. A series of alternative hypotheses 
were generated:-  
i. 2- and 3-digit grip configurations each have a distinct pattern of digit 
coordination making the configuration selected apparent throughout the 
action;  
ii. 2- and 3-digit grip configurations share the same initial coordination with the 
distinction between the grasps becoming apparent by the end of the action;  
iii. Grasps made either side of the transition exhibit stable reproducible patterns 
over repeated trials, with the transition  characterised by instability of digit 
coordination;  
iv. Within a trial, grip apertures exhibit initial and final stability, with a period of 
instability occurring during the middle of the action;  
v. The contribution of within trial instability (see hypothesis iv), may be 
dependent upon the proximity to the action boundary, that is, the component 




A simple reaching task was performed requiring participants to pick up a 
small cube and move it to a target located in front of them. Participants were asked to 
move the cube as quickly as possible whilst ensuring that they accurately aligned the 
cube with the target. No instructions were given to participants regarding the type of 
grip configuration to be adopted. To elicit a spectrum of 2- and 3-digit grip 
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Six right-handed participants, all with normal or corrected to normal vision, 
volunteered to take part in the experiment. The participants (two male and four 
female) ranged from 21–32 years old (M = 23.5 years, SD = 4.2). The study was 
conducted in accordance with local ethics committee guidelines. All participants 
gave informed consent prior to participation and were informed that they were free to 
withdraw from the experiment at any time. 
 
5.1.1.2 Equipment and Data Recording 
The range of cube sizes adopted in the present study were selected on the 
basis of previous research (Cesari & Newell, 2000a). Cubes, cut from Tufnol, were 
custom made in 21 different sizes from 1–3cm, in 1mm increments. The cubes 
weighed 1.4–35.9g. 
To accommodate anthropometric variation amongst participants, the 
experimental set-up was scaled for each individual. Participants were seated, on a 
height adjustable chair, behind a table displaying the experimental set-up. The hand 
start position marked on the table surface ensured each participant began with their 
hand open, palm facing down, thumb centred on their midline and wrist aligned with 
the edge of the table. The cubes were positioned directly in front of the participant at 
a distance (measured from the edge of the table) that was equal to the participant’s 
forearm length (measured from elbow to tip of the middle finger). Across 
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participants this distance ranged from 42.2–49cm (M = 45.0cm, SD = 2.5). The final 
target position that participants were asked to move the cubes to was marked by a 
horizontal line, 2cm long, located directly in front of the participant at a distance, 
from the edge of the table, measuring 
2
/3 of the forearm length (see Figure 5.1).  
 
 
Figure 5.1. Diagram of the experimental task, indicating how the set-up was scaled 
to each individual participant. 
 
The reaching movements were recorded in three-dimensions at a sampling 
frequency of 500Hz, using a 3 camera infra-red Qualisys movement registration 
system, mounted on fixed supports above the calibrated workspace. Six spherical 
5mm light reflective markers (calibrated to an accuracy of approximately 0.55mm) 
were positioned on the participant’s reaching hand, one on each digit (located on the 
upper centre of the fingernail), with a further reference marker positioned on the 
posterior surface of the participants right hand, on the base of the first and second 
metacarpals. The final marker utilised in each trial was placed on the top centre of 
every cube. 
On completion of all trials, anthropometric measurements were taken of the 
participant’s reaching hand. Hand length (distance from wrist crease to the tip of the 
middle finger) and width (width across the knuckles not including the thumb) were 
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of motion between the thumb and index-finger (IT-RoM) was recorded, as maximal 
distance two markers could be pushed apart using the pads of the thumb and index-
finger of the reaching hand, in mm, as a functional measure of maximum grasp 
aperture. Measures of grip strength were recorded using a hand dynometer, averaged 
over two measurements. These included full-hand grip strength, thumb/index-finger 
grip strength and finally thumb/ index-finger/middle-finger grip strength. The latter 
two measures were taken as an indicator of the maximal strength of the two grips (2- 
and 3-digit) under analysis. Finally, for a comprehensive recording of the hand 
anthropometric measurements, the participant’s reaching hand was scanned 
(photocopied) to enable further analysis, if required. 
 
5.1.1.3 Procedure 
Participants were given a standardised instruction sheet and written consent 
form before beginning the experiment. Several steps were taken to prevent any bias 
in the type of grip configuration adopted by participants:-  
i. Until completion of all trials participants were naïve to the purpose of the 
study, being told that the experiment was examining initiation times in 
reaching movements;  
ii. Emphasis was placed on displacing the cube to the target position as quickly 
and accurately as possible;  
iii. No instructions relating to grip configuration were given;  
iv. Reflective markers were positioned on all fingers of the grasping hand; 
v. Anthropometric measurements of the hand were taken at the end of the 
testing session, after the completion of all trials. 
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Prior to the first trial, light reflective markers were attached to the 
participant’s reaching hand and a measurement of forearm length enabled the 
experimental reaching task to be scaled appropriately. Before every trial participants 
were asked to place their reaching hand in the start position. To ensure participants 
did not see the way in which the experimenter held the objects, they were instructed 
to close their eyes whilst the experimenter placed a cube in front of them. 
Participants were asked whether they were ready to begin, at which point they were 
able to open their eyes. The initiation of motion capture generated an auditory beep 
which was used as a signal for the participant to begin the reaching action. 
Participants were instructed to pick up the cube as fast as possible, and then to ensure 
that, when positioning the cube on the target, they aligned the edge of the cube with 
the target line. Therefore the task demands were to be fast and accurate in the 
reaching and positioning movement. 
The experiment consisted of eight reaching trials to each of the 21 cubes, 
yielding a total of 168 trials per participant. Presentation of the different sized cubes 
was randomised across trials, with trials completed in four blocks of 42 trials.  
For each trial the experimenter recorded which digits were used to lift the 
cube during the reaching movement. The grasps were classified according to whether 
the digits were in contact with the cube during the displacement and repositioning 
phase of the grasp. 
 
5.1.1.4 Data Analysis 
The percentage of trials in which participants utilised a 3-digit grasp were 
calculated for each of the 21 cubes. To enable comparisons with previous research, 
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the percentage of grasps were considered as a function of absolute cube size, and 
actor-scaled to IT-RoM and hand length. For each individual, scaling was achieved 
by dividing the 21 cube sizes measured in centimetres by each participant’s IT-RoM 
(range 14.5–18.6cm; M=16.6, SD=1.5) or hand length (range 16.7–20.4cm; M=18.3, 
SD=1.3). This resulted in two series of dimensionless pi-numbers forming intrinsic 
measures of cube size as a proportion of IT-RoM and hand length (see Figure 5.2). 
An accurate measure of the point of transition, from 2-digit to 3-digit grip 
configurations, and the slope of the curve at that point were obtained by fitting the 
data for each individual participant with the logistic equation, Equation 5.2 (cf. 
Bootsma, Bakker, van Snippenberg, & Tdlohreg, 1992). Using the line of best-fit: 
100 is the maximum percentage, x is the cube size (in cms, or action-scaled), c is a 
measure of the 50% point (the point at which participants would utilise 3-digit 
grasping in 50% of trials), and k is a measure of the slope of the curve. Additionally, 
the slope at the 50% point (-25 times the k value) was calculated by differentiating 
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5.1.2 Results 
The percentage of 3-digit grasps utilised by each individual participant are 
presented in Figure 5.2. Data from Participant 5 are not included in the graph for two 
reasons: 1) this participant did not utilise the index-finger during their grasps, instead 
they utilised the thumb, middle-finger and a varied combination of ring-/little-finger; 
and 2) this strategy resulted in two transitions, first from 2-digit to 3-digit grasps then 
from 3-digit to 4-digit grasps.  
In general, as object size increased there was an increase in the percentage of 
3-digit grasps. This meant that participants utilised a 2-digit grasp for the smallest 
cube sizes, and a 3-digit grasp for the largest cube sizes. The exact contribution of 2-
digit /3-digit grasps to moderate cube sizes was dependent upon the location of each 
participant’s point of transition. Participant 3 was the only individual that did not 
make a transition to the use of 3-digit grasp over the range of object sizes presented; 
meanwhile Participant 2 did not make a full transition (utilising a 3-digit grasp in 
only 75% of trials to the largest cubes sizes). 
 
5.1.2.1 Locating the Transition Between 2-Digit and 3-Digit Grasping  
A summary of the point of transition results, obtained from fitting the logistic 
function, are presented in Table 5.1 (data from Participant 3 were not included in the 
mean calculations due to no evidence of a transition). The curve fitting provided an 
accurate fit for the grasping data (with the exception of Participant 3), as evidenced 
by the root mean square error (RMSE), which provides a measure of the extent to 
which the data deviate from the curve of best fit.  
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Figure 5.2. Percentage of 3-digit grasps performed by each participant as a function 
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The 1mm increments in object sizes employed in the present study reveal that 
the exact location of the switch between use of a 2-digit and use of a 3-digit grip 
varied across participants. The values obtained from the curve fitting indicated that 
the transition occurred at a mean (SD) cube size of 2.09cm (0.58). For the action-
scaled ratio cube size/IT-RoM, the transition occurred at a value of 0.13 (0.03). This 
is comparable to cube size/IT-RoM values of 0.15–0.2 observed
6
 by Newell, Scully, 
Tenenbaum and Hardiman (1989). The cube size/hand length ratio indicated the 
transition occurred at a value of 0.11 (0.03), again in agreement with cup 
diameter/hand length values of 0.1–0.2 reported
7
 by Newell, Mc Donald, and 
Baillargeon (1993). In making these comparisons, it is important to note that initial 
studies by Newell and colleagues used relatively few object sizes smaller than 2cm: 
one cube measuring 0.8cm (Newell, Scully, Tenenbaum, & Hardiman, 1989) and one 
cup with a diameter of 1.2cm (Newell, McDonald, & Baillargeon, 1993). Therefore, 
although in general agreement with values obtained in earlier studies, the 1mm 
increments in cube size used in the present study increase the precision of earlier 
estimates of the point of transition between 2-digit and 3-digit grip configurations.  
 
Table 5.1 Mean and standard deviation descriptors of the point of transition 
between 2-digit and 3-digit grasping, obtained from psychophysic curve 
fitting. 
 
M SD M SD M SD
Location of transition 2.09 ± 0.58 0.13 ± 0.03 0.11 ± 0.03
Slope of curve -5.20 ± 2.67 -82.76 ± 43.35 -95.35 ± 53.07
Slope at transition 129.98 ± 66.74 2069.07 ± 1083.69 2383.66 ± 1326.77
RMSE 83.52 ± 18.57 83.20 ± 17.05 84.07 ± 17.14
cube size (cm) cube size/ hand lengthcube size/thumb-index ROM
 
                                                 
6
 Values read from Child-1 and Adult-1 plots presented in Figure 2 (Newell, Scully, Tenenbaum, & 
Hardiman, 1989). 
7
 Values read from adult and infant plots presented in Figure 2 (Newell, McDonald, & Baillargeon, 
1993). 
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The slope of the curve at the point of transition gives an indication of an 
individual’s sensitivity to the transition. A steep curve indicates that within an 
individual, the transition occurs over relatively few object sizes, that is, they switch 
from using 0% 3-digit grasps to using 100% over the space of a few object sizes. The 
values obtained for the slope of the curve at the point of transition (-25k, from 
Equation 5.2) were high: namely, 129.98%/cm (66.74), 2069.07%/ratio of cube size 
to IT- RoM (1083.69) and 2383.66%/ratio of cube size to hand length (1326.77). 
These values indicate that the slope of the curve at the point of transition was steep, 
particularly in the action-scaled metrics, which can be interpreted as a high degree of 
sensitivity to the switch. 
The results presented thus far are consistent with those reported in previous 
studies, consequently, the current data set was deemed suitable for further analysis to 
explore the nature of the transition. Data from three participants were subjected to 
further analysis, with these participants selected on the basis that they exhibited the 
most complete data sets
8
. Data from these participants (2, 4 and 6) were subjected to 
within-individual analysis of digit apertures. This individual approach to the analysis 
was seen as justifying the use of small participant numbers. 
Comparison both within and between individuals was achieved by examining 
trials from three distinct points during the transition: stable 2-digit grasps to cubes 
smaller than the transition, the point of transition and stable 3-digit grasps to cubes 
larger than the transition. As the exact cube sizes associated with these points 
differed between participants, each of the points were identified for individual 
                                                 
8
 Of the three participants excluded from further analysis, Participant 3 did not cross the transition 
from 2-digit to 3-digit grasping, Participant 5 did not utilise the index-finger during their grasps, 
instead using the thumb, middle-finger and a varied combination of ring-/little-finger and Participant 1 
had occluded the reflective marker during the grasp, resulting in a significant loss of kinematic data. 
Chapter 5: Emergence of the Grasp  
 151 
participants based on the plots displayed in Figure 5.2. Trials around the transition 
were defined as the cube sizes immediately prior to, including and immediately after 
the 50% point at which participants employed both 2- and 3-digit grip configurations 
(where several crossings of the 50% point were made, the transition grouping was 
taken as ranging from the cube size prior to the first crossing until the cube size after 
the last crossing). Trials at the stable points either side of the transition were defined 
as the three cube sizes closest to the transition at which a clear preferred grip 
configuration was apparent in >80% of trials (that is, the last three cube sizes prior to 
transition at which a 2-digit grasp was dominant, and the first three cube sizes after 
transition at which a 3-digit grasp was dominant. This led to four distinct groupings 
based on the grip configuration adopted and the proximity to the point of transition: 
namely, 2-digit small, 2-digit transition, 3-digit transition and 3-digit large
9
. Where a 
participant’s point of transition occurred at either a very small or very large cube size 
extra categories were added i.e. 2-digit x-small and 3-digit x-large.  
 
5.1.2.2 Continuous Profiles of Grip Apertures 
Analyses focused on the development and coordination of three grip 
apertures dominant in 2-digit and 3-digit grasping: namely, the aperture between the 
thumb and index-finger (TI-aperture), the aperture between the thumb and the 
middle-finger (TM-aperture) and finally the aperture between the index-finger and 
middle-finger (IM-aperture).  
                                                 
9
 The number of trials within each group was dependent upon the percentage of 2-/3-digit grips 
performed to each cube size, and the duration of an individual’s transition (i.e. the slope of their 
transition); therefore group sizes varied both within and between participants (group N values are 
displayed in Tables 2 & 3). 
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Within each trial, the start (tSTART) and end (tEND) of the grasping action were 
defined using a TI-aperture velocity threshold of 30mm/s
-1
. The time between these 
two points, movement time, was calculated for each trial and used to time-normalise 
the aperture trajectories on a trial by trial basis.  
Time-normalised profiles of the three continuous apertures are presented, for 
each individual, in Figures 5.3A, B & C. Inspection of these graphs led to several 
important observations. Firstly, the graphs exhibit a pattern that is repeated across 
groupings and participants: during the first half of the grasp TI-aperture and the TM-
aperture decrease (that is the apertures close), around the middle of the action these 
apertures plateau and in some instances increase (the apertures open again), after 
which point the apertures sharply decrease again at the end of the movement 
(representing the final aperture closure to envelop the object).  
Secondly, for all participants, the TI-aperture exhibited a stable pattern of 
closure across all groupings, as evidenced by low variability. The influence of cube 
size can be observed in the value of TI-aperture at the end of action: the lowest 
values were observed in grasps made to the smallest cubes and the highest TI-
aperture values associated with the largest cubes. No clear distinction between 2-
digit and 3-digit grasps is evident around the point of transition, nor any sign of 
increased variability. Contrary to the initial predictions, apertures at the transition 
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The third observation is TM-aperture exhibits larger values than those 
observed in TI-aperture, due to the anatomical positioning of the middle-finger in 
relation to both the thumb and index-finger. TM-aperture was more variable in 2-
digit than in 3-digit grasps, although, direct comparison around the point of transition 
revealed that the difference between 2-digit and 3-digit grasps is most apparent 
during the second half of the action. TM-aperture exhibited a pattern of closure 
similar to that of the TI-aperture; moreover, this pattern was also observed in 2-digit 
grasps where the middle-finger does not actually make contact with the object.  
Finally, in comparison to 3-digit grasps, the IM-aperture of 2-digit grasps 
showed an increase in absolute value at the end of the action and an increase in the 
associated variability. Mirroring the TM-aperture findings, around the point of 
transition differences in IM-aperture between 2-digit and 3-digit grasps were most 
noticeable in the second half of grasping action. 
To summarise, inspection of individual aperture closures found no evidence 
to suggest the presence of two distinct grasp patterns. This initial inspection suggests 
grip configuration as a continuum, with the influence of object size being the most 
dominant factor. Further analysis is required to identify the functional relationship 
between the digits, in particular to determine how the role of the middle-finger 
changes across the transition. 
 
5.1.2.3 Relationship Between Thumb-Index and Thumb-Middle Finger Apertures 
The relationship between apertures was examined by plotting the non-time-
normalised TM-aperture against the TI-aperture (see Figure 5.4). It was apparent that 
distinct phases existed within the grasping action. Two segments of aperture closure, 
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joined together by a variable middle phase, were observed, reiterating the patterns 
observed in the continuous aperture plots (Figure 5.3).  
 
Figure 5.4. Typical plots of TI-aperture against TM-aperture, taken from Participant 
4. Plots depict the relationship between the two apertures throughout the grasping 
action. The grasp begins in the upper right-hand corner of the graph and culminates 
in object contact at the lower left-hand corner of the graph. 
 
 To quantify the patterns observed in Figure 5.4, two segments of aperture 
closure were extracted. The first segment represented the initial closure of TI- and 
TM-apertures, and the second segment the final closure. Start (SegTSTART) and end 
(SegTEND) points were determined for each segment by identifying a step-in point(N) 
within the segment and then working outward from that point, locating the changes 
in direction of aperture closure/opening
10
. Graphs of the two segments are presented 
for each individual in Figure 5.5.  
                                                 
10 
SegTSTART was defined as the point at which 
( ) ( )11 −− −×− NNNN TMTMTITI  became 
negative, whereas SegTEND
 








































Figure 5.5. TM-aperture plotted against TI-aperture for Segments 1 (left-hand side) 
and Segment 2 (right-hand side). Graphs portray individual participants’ trials 
overlaid for each grasp/cube size grouping. Note that in all graphs the start of each 
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Linear regression analyses were applied to each of the segments (see Table 
5.2 for a summary). R
2
 >0.95 indicate that for both segments, a strong linear 
relationship exists between aperture closures. One-way ANOVA revealed no effect 
of grouping on MT for Participants 4 and 2. However, Participant 6 did exhibit a 
significant effect of grouping on MT (see Table 5.3 for a summary of the ANOVA 
results). Polynomial contrast revealed a significant linear effect (p<.01), indicating 
that MT decreased linearly as cubes size increased; moreover, no significant 
difference was observed at the transition, that is, MT of 2-digit and 3-digit grasps 
were not significantly different when made to the same sized cubes. 
Mixed ANOVAs on the duration of each segment as a percentage of MT 
were performed, with segment as a repeated-measure (2 levels) and grouping as a 
between-group variable (4 or 5 levels depending on the participant). No main effect 
of group or segment was found, for all three participants (p>.05); however, a 
significant interaction between group and segment (p<.05) was observed for all three 
participants. Polynomial contrasts revealed a significant linear trend (p<.05), 
indicating that the duration of Segment 1 as a percentage of MT decreased as object 
size increases, whereas the duration of Segment 2 increased as object size increases. 
The exact location of each segment within the grasping action was also 
calculated, that is, the point at which the 1
st
 linear segment ended and the 2
nd
 linear 
segment started (both measured as a percentage of movement time) and are 
summarised in Table 5.2. These values were not subjected to statistical analyses, as 
they are sufficiently described by the previous analysis (segment duration as a 
percentage of MT). These values indicate that generally, Segment 1 occurred during 
the first 20-60% of the grasp, and is therefore associated with the accelerative phase 
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of hand transport; meanwhile, Segment 2 occurred during the last 20-37% of the 
movement and therefore takes place during the final low-velocity phase of the 
movement. In terms of the component of hand opening occurring between the two 
segments of closure, this component was highly variable, and in a limited number of 
cases was not present at all.  
 
Effects of object size and grasp on initial & final aperture closure: 
Mixed ANOVA, with segment as a repeated-measure (2 levels) and grouping 
as a between-group variable (4 or 5 levels depending on the participant), were 
applied to the data of each individual for the variables slope and intercept (obtained 
from the linear regression analyses outlined above). The results of these statistical 
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The slope of each segment equals the ratio of the average rates of closure of 
the two apertures. Slopes less than 1 indicate that on average TI-aperture is closing at 
a greater rate than TM-aperture. A slope of 1 signifies both apertures are closing at 
the same rate. Slopes greater than 1 show that on average TM-aperture is closing at a 
greater rate than TI-aperture. A summary of slope values for Segments 1 and 2, for 
each cube grouping, are presented in Figure 5.6. For all three participants, a 
significant main effect of grouping was observed on slope (p<.05), polynomial 
contrasts revealed a significant linear effect (p<.01), indicating that slope increased 
as cube size increased (see Table 5.3). A significant main effect of segment (p<.05) 
revealed the slope of Segment 1 was significantly higher than the slope of Segment 
2, which can be interpreted as a greater degree of aperture closure during Segment 1.  
A significant interaction effect between grouping and segment (p<.05) was 
found. Polynomial contrasts revealed a significant linear effect (p<.05), indicating 
that for Segment 1 the slope values increased linearly with cubes size (no significant 
difference between slope values was observed at the transition, that is, the slopes of 
2-digit and 3-digit grasps were not significantly different when made to the same 
sized cubes); in contrast, in Segment 2, slope values for 2-digit grasps were 
significantly lower (<1) than for 3-digit grasps (>1)see Figure 5.6. This interaction 
effect highlights that the slope of Segment 2 reflected the grip configuration utilised. 
The values observed indicate the ratio of the average rate of closure of TI-aperture 
and TM-aperture; specifically, in 2-digit grasps, slopes less than 1 indicate that 
during Segment 2 TI-aperture is on average closing at a greater rate than TM-
aperture, whereas in 3-digit grasps, slopes greater than 1 indicate that during 
Segment 2 TM-aperture is on average closing at a greater rate than TI-aperture. 




Figure 5.6. Participant mean and standard deviation slope (upper graphs) and 
intercept (lower graphs) for each grasp category, presented for the two segments of 
aperture closure: Segment 1(left-hand side) and Segment 2 (right-hand side). Note: 
Slopes <1 indicate TI-aperture is closing at a greater rate than TM-aperture, slope = 1 
signifies both apertures are closing at the same rate, and slope > 1 show TM-aperture 
is closing at a greater rate than TI-aperture. A positive intercept indicates TM-
aperture is large, relative to TI-aperture, at the end of the movement, an intercept 
around 0 signifies both apertures are approximately equal at the end of the 
movement, finally a negative intercept implies that TM-aperture is small, relative to 
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The intercept is determined by the slope and absolute size of the apertures, 
therefore expressing not only the rate at which one aperture is changing relative to 
the other, but also enables investigation of how the actual size of the apertures may 
be related. A positive intercept indicates TM-aperture is large, relative to TI-aperture, 
at the end of the movement. An intercept around 0 signifies both apertures are 
approximately equal at the end of the movement. A negative intercept implies that 
TM-aperture is small, relative to TI-aperture, at the end of the movement. A 
summary of intercept values for Segments 1 and 2, for each cube grouping, are 
presented in Figure 5.6. For all three participants, analysis of intercept revealed a 
significant main effect of grouping (p<.05), polynomial contrasts revealed a 
significant linear effect (p<.01), indicating that intercept decreased as cube size 
increased (see Table 5.3). A significant main effect of segment (p<.05) found that the 
intercept of Segment 1 was significantly lower than that of the Segment 2.  
A significant interaction effect between grouping and segment (p<.05) was 
found. Polynomial contrasts revealed a significant linear effect (p<.05), indicating 
that for Segment 1, the intercept values decreased linearly with cube size (no 
significant difference between intercept values observed at the transition); in 
contrast, in Segment 2, intercept values for 2-digit grips were significantly higher 
(positive) than the 3-digit intercept values (negative) (see Figure 5.6). This 
interaction effect highlights that the intercept of Segment 2 reflected the grip 
configuration utilised. The values observed indicate that in 2-digit grasps a positive 
intercept during Segment 2 means TM-aperture is large at the end of the action, 
whereas in 3-digit grasps a negative intercept indicates that during Segment 2 TM-
aperture has been closed.  
Chapter 5: Emergence of the Grasp  
 166 
Combined, the slope and intercept findings demonstrate that Segment 1 is 
affected by cube size, while in Segment 2 the distinction between 2- and 3-digit 
grasps is apparent. As grasp selection is not evident in Segment 1, but is in Segment 
2, this then poses the question ‘where exactly does the difference appear: at the end 
of Segment 1, the beginning of Segment 2, or during Segment 2?’ 
 
This question was addressed through inspection of the aperture values at the 
end of Segment 1 and the start of Segment 2 (a summary of the results can be seen in 
Figure 5.7). The same mixed ANOVAs, with segment as a repeated-measure (2 
levels) and grouping as a between-group variable (4 or 5 levels depending on the 
participant), were applied to the data of each individual for the variables TI-aperture 
and TM-aperture. For all participants, TI-aperture exhibited a main effect of 
grouping, and polynomial contrasts revealed a significant linear effect (p<.01), 
indicating that TI-aperture increased as cube size increased (see Table 5.3). Pairwise 
comparisons revealed no significant difference between TI-aperture values observed 
at the transition (i.e. 2-digit and 3-digit grasps were not significantly different when 
made to the same-sized cubes (see Figure 5.7)). While no significant effect of 
segment was found for Participant 6, a significant main effect of segment was found 
for Participant 4, showing the TI-aperture at the end of Segment 1 to be significantly 
lower than that at the start of Segment 2 (although not significant, this trend was 
repeated for Participant 2). This suggests that for Participant 4, and possibly 
Participant 2, a phase of reopening occurred between the two segments as the values 
at the start of Segment 2 were larger than those at the end of Segment 1. No 
interaction was found between grouping and segment on the size of TI-aperture. 







Figure 5.7. Participant mean and standard deviation of TI-aperture (upper graphs) 
and TM-aperture (lower graphs) for each grasp category, presented as the size of the 
aperture at the end of the first linear segment of aperture closure (left-hand side) and 
the start of the second linear segment of aperture closure (right-hand side). 
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 TM-aperture exhibited a significant main effect of grouping, for all 
participants (p<.05). Polynomial contrasts revealed a significant linear effect (p<.01), 
indicating that TM-aperture increased as cube size increased. Pairwise comparisons 
revealed no significant difference between TM-aperture values observed at the 
transition (i.e. 2-digit and 3-digit grasps were not significantly different when made 
to the same-sized cubes). No main effect of segment was found for Participants 6 and 
2. A significant main effect of segment was found for Participant 4 (p<.05), 
indicating the TM-aperture at the end of Segment 1 was significantly lower than that 
at the start of Segment 2, which means that between the two segments the TM-
aperture opened again. Although no interaction effect was observed for Participants 4 
and 2, a significant interaction effect between grouping and segment was found for 
Participant 6 (p<.05). The interaction indicated that TM-aperture values at the end of 
Segment 1 increased linearly as cube size increased (with grasps to transition objects 
being the same), whereas at the start of Segment 2 TM-aperture reflected the 
different grasps (at the transition 2-digit grasps had larger TM-aperture than 3-digit 
grasps, meanwhile for 3-digit grasps TM-aperture seemed to increase with cube 
size). 
To summarise, TI- and TM-apertures exhibited no effect of grip configuration 
at the end of Segment 1, instead the size of these apertures related to object size. As 
to whether the grip configuration utilised was evident in TI- and TM-apertures at the 
start of Segment 2, the data suggest the answer is no. If only comparing the transition 
categories, there is no clear difference between the 2- and 3-digit grasps, although, 
there is some evidence to suggest a slight decrease in the variability of TM-aperture 
at the start of Segment 2 for 3-digit grips. Additionally, there was a tendency for re-
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opening of the TI- and TM-apertures during the unstable phase between Segments 1 
and 2. It therefore seems that the difference between grip configurations becomes 
evident during Segment 2, that is, the phase of grasp closure corresponding to the 
final 20-37 % of the grasp. 
 
5.2 GENERAL DISCUSSION 
The current study aimed to extend existing research on the scaling of 
prehension by investigating when, in the action, grip configuration is selected and 
how this decision is manifested in the guidance and coordination of the grasp. Grasps 
were performed to a series of small stationary cubes that varied in sizeto induce a 
range of, and transition between, 2- and 3-digit grip configurations. Digit 
coordination and the perceptual control of grasping movements prior to object 
contact were examined. The main research question addressed was: is the grasp 
selection ‘decision’ made before or during the action?  
Initial analyses identifying the point of transition between 2- and 3-digit grip 
configurations indicated that the current data set were comparable to those obtained 
in earlier studies (Newell, McDonald, & Baillargeon, 1993; Newell, Scully, 
McDonald, & Baillargeon, 1989; Newell, Scully, Tenenbaum, & Hardiman, 1989). 
While previous studies focused on the relative frequency of grip configuration 
utilised, thus describing the transition as occurring across a number of trials, the 
current investigation required a different level of analysis and was predominantly 
interested in the occurrence of transitions within individual trials. 
If grip configuration was selected, and pre-programmed, prior to movement 
initiation, then it was hypothesised that 2- and 3-digit grip configurations would have 
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distinct patterns of digit coordination, making the configuration selected apparent 
throughout the action. This was not found to be the case.  
A second hypothesis, related to the selection of grip configuration occurring 
during the action, predicted that 2- and 3-digit grip configurations would share the 
same initial pattern of coordination, with the distinction between the grasps 
becoming apparent by the end of the action. Evidence supporting this hypothesis was 
found in the coordination of thumb-index aperture, the thumb-middle finger aperture 
and finally the index-middle finger aperture. Two distinct segments of aperture 
closure were identified that each exhibited different slope and intercept values. The 
initial closure segment (Segment 1) was related to cube size, whereas the final 
closure segment (Segment 2) related to the number of digits utilised in the grasp. 
While effects of grasp on the slope and intercept demonstrated clear differences in 
the relation between apertures at the end of Segment 2, it was important to determine 
whether these differences were also apparent at the start of the segment. Effects of 
object size, but not grasp, were observed on the size of TI-aperture at the end of 
Segment 1 and the start of Segment 2. This finding demonstrated that TI-aperture 
was unaffected by the grip configuration adopted, with 2-and 3-digit grasps made to 
the same-sized object being indistinguishable in terms of IT-aperture. Moreover, this 
suggests that when considering the change in grip configuration as a transition 
occurring across trials, TI-aperture does not become unstable around the point of 
transition, but rather that it maintains its stability and appears that the TM-aperture 
simply ‘adds-in’ to the action.  
An effect of object size was also observed on TM-aperture at the end of 
Segment 1, with TM-aperture being approximately equal for 2- and 3-digit grasps at 
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the transition (i.e. to objects of the same size). A trend, although only significant for 
Participant 6, showed that at the start of Segment 2, TM-aperture was smaller for 3-
digit grasps than 2-digit grasps (when made to the same cube size). Although TM-
aperture at the start of Segment 2 may have been slightly lower for 3-digit grasps at 
the point of transition, the main difference was that it was less variable than that of 2-
digit grasps. These trends in the data lead us to question whether the value of TM-
aperture at the start of Segment 2 was based on the grasp selected, or, whether the 
grasp utilised was based on the value of TM-aperture at the start of Segment 2. As 
these differences observed in TM-aperture at the start of Segment 2 were inconsistent 
between participants, it must be concluded from the data presented here that the 
largest difference between grip groupings occurs during Segment 2, and is not 
necessarily present at the start of Segment 2. This implies that the use of a specific 
grip configuration emerges during the final segment of hand closure leading up to 
object contact. This occurs relatively late in the action, and corresponds to the final 
20-37% of the grasping action. In contrast the first segment of aperture closure 
occurred during the accelerative phase of hand transport.  
Inspection of TI- and TM-apertures revealed evidence of a portion of re-
opening occurring mid way through the movement. The presence of an opening of 
the apertures is a noteworthy observation for two reasons: firstly, the grasp is 
normally described in terms of its closure, and secondly, if the grasp were pre-
planned then an open hand initiation posture would be expected to lead to one period 
of aperture closure culminating in object contact. This pattern of re-opening, between 
the index-finger and thumb, has already been documented in studies of grasping 
movements that employed an open hand start position (Saling, Mescheriakov, 
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Molokanova, Stelmach, & Berger, 1996; Timmann, Stelmach, & Bloedel, 1996). In 
the present study, this re-opening of apertures corresponds to the variable component 
of the TI- and TM-aperture relation, i.e. between Segments 1 and 2, and occurs 
during the deceleration phase of hand transport. The appearance of this re-opening 
would appear to suggest an adjustment of grip aperture occurring online, and thus 
strengthens the argument against the use of a pre-programmed grasping action. 
Additional support for the emergence of the grasp comes in the form of the 
involvement of the middle finger in 2-digit grip configurations. If the grasp were pre-
planned, then the middle-finger would not be expected to be functionally involved in 
2-digit grasps. Again, this was found not to be the case. TM-aperture exhibited a 
functional decrease in variability in 2-digit grasps around the transition. This finding 
is in agreement with literature on the organisation of multi-digit grasping. Santello 
and Soechting (1997), for example, observed effects of object size on both fingers 
actually involved in the grasp and those that did not contribute directly, leading them 
to conclude that all degrees of freedom of the hand were controlled as a cohesive 
unit. Gentilucci, Caselli and Secchi (2003) likewise revealed that finger control can 
be different within the selection of the same type of grasp, namely the tripod grasp. 
They found that the extent to which the index-finger was in opposition to the thumb 
varied dependent upon object size. It was suggested that the functional role of the 
index finger changed from an integral component of the thumb, index-, middle- 
finger opposition to the role of stabilising smaller objects where object slippage 
might be an increased occurrence. The present results indicate that the middle-finger 
does play a functional role in 2-digit grasps, and moreover that this role is dependent 
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upon the proximity to the point of transition. The exact nature of this functional role 
does however require further investigation. 
In sum, the evidence presented here indicates that the grasp decision is not 
apparent from the initiation of the action. This suggests that the grasp selection 
decision may be made ‘on the move’, as the action unfolds; with all the details not 
necessarily filled in beforehand. Within the confines of the current study, there is no 
way to show that the grasp was not planned; it is possible that a very complex action 
was pre-planned or that, although pre-planned, both grasps share many common 
features and are indistinguishable until the latter portion of the action. Though, if all 
of the data is considered, it appears that the decision is made during the action.  
This finding has several important implications related to the information 
specifying the grasping action, the concept of the transition, and finally for the 
general control of grasping actions. Each of these issues are reviewed in turn.  
In relation to the information specifying the grasping action, Van der Kamp, 
Savelsberg and Davis (1998) argued that consideration of body-scaled metrics as 
control parameters contrasts with Gibson’s concept of ecological psychology 
(Gibson, 1966, 1986), whereby information is regarded as specifying the affordance 
and guiding the action through a one-to-one mapping (with no further need for 
processing). Van der Kamp et al. contended that if scaled information serves as a 
control parameter, then dynamic self-organising features are involved in the coupling 
between perception and action. The fact that the same body-scaled ratio is 
accompanied by different grasping patterns was offered as support for this argument. 
In contrast to Gibson, they proposed that action is not uniquely determined by 
information, but is dependent upon the dynamics of the fit between actor and 
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environment. In the present study, it is contended that the action is uniquely 
determined by information, albeit continuously evolving information; where the 
nature of this information is not exclusively body-scaled, but rather specifies the 
dynamics of the fit between the actor and environment. It is believed that such a 
consideration is in agreement with both ecological psychology and dynamical 
systems theory. Additionally, it is important to realise that the information specifying 
the grasping action does change, despite the grasps being made to stationary cubes, 
as this information also relates to the hand, which varies between and within trials. 
The concept of evolving affordance perception was presented in Mark’s 
(1987) investigation of information specifying affordances for sitting and stair-
climbing. Mark explored the precision of eye-height scaled information at different 
distances. Participants were more precise the closer they were to the object, and this 
was considered to be a functional relation: i) as information is less relevant the 
further away an object is, an observer would first need to decide whether its worth 
the effort/locomotion; ii) there is a tendency to underestimate the affordance to avoid 
travelling to an object only to find that is not climbable. It was concluded that the 
precision of eye-height scaled information is more important at relatively short 
distances, where actors have to “fine tune” their style of action. A similar notion 
could be applied to prehension, where the precision of information specifying the 
grasping action may only become relevant once the digits are in close proximity to 
the object. This view supports Newell, Scully, Tenenbaum and Hardiman’s (1989) 
suggestion that the affordance concept may apply beyond global action categories, 
such as grasping, to very specific patterns of coordination, for instance 2-digit 
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grasping. Of course such an account requires the relationship between the different 
levels of affordance to be explained. 
In terms of the control of the grasping action, the present results revealed that 
a switch occurs at the within-grasp level. After a generalised period of aperture 
closure and a variable component of re-opening, the grip configuration emerges 
during the final 20-37% of the prehensile action. The challenge this raises is to 
identify the control mechanisms underpinning the two phases of hand closure and the 
exact nature of their coordination. 
Addressing the evolution of hand posture during grasping, Santello, Flanders 
and Soechting (2002) revealed two principal components accounted for >75% of the 
variance of hand postures. The first principal component exhibited a pattern of finger 
extension reversing to flexion during the later stages of the transport phase, thus 
exerting its greatest influence on the maximum finger span (peak aperture). The 
second principal component only became important during the final 30% of the 
reaching movement, at which point all the fingers extended (or flexed) together, with 
this second component having its largest influence on the final posture. It should be 
noted that the occurrence of this second principal component is in agreement with the 
duration and location of the final segment of aperture closure observed in the present 
study. The necessity of two principal components to account for the coordination of 
digits during the grasping action was taken by Santello et al. to imply that maximum 
finger span and final hand posture are controlled separately.  
In the current study, an alternative to the notion of separate control of the two 
segments of aperture closure may be to consider the evolving grasp as an emergent 
property of the dynamic coupling between initial and target hand postures and the 
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perceptual information specifying the actor-environment fit. Such a consideration is 
in agreement with current models of the continuous dynamic coupling of reaching 
and grasping movements (Zaal & Bootsma, 1995; Zaal, Bootsma, & van Wieringen, 
1998, 1999). Furthermore, the instability observed during the hand re-opening 
component could be viewed as evidence of this phase transition from initial to target 
posture. If the transition is from one posture to another then perhaps the first segment 
of closure relates to the open hand start position, whereas the final hand position may 
be accounted for by the properties of the object, in which case models of opposition 
space and virtual fingers (Iberall, Bingham, & Arbib, 1986) would provide detailed 
accounts of the final hand posture. Such an approach could explain the consistent 
effects observed when grasping different sized objects and at the same time account 
for the large discrepancies observed between grasping initiated from closed and 
open-hand postures. 
Studies examining the control of the grasp predominantly constrain the 
participant’s initial hand posture to ensure the thumb-index aperture is closed and 
quantify the grasp in terms of size of TI peak aperture, occurrence of peak aperture, 
amount of closure etc. All of these variables are influenced by initial hand posture. 
As a result of the current study, it is proposed that rather than limiting hand posture 
and defining the grasp accordingly, future studies may seek to determine the effect 
hand posture has on the control of the grasp. Examining grip configurations 
independently additionally removes an important aspect concerned with the control 
of natural grasping actions, namely the decision of which grasp to employ. Future 
studies comparing grasps made under ecological constraints (leaving participants free 
to select grip configuration) with controlled 2-digit and 3-digit grip configurations 
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will be required to determine the effect decision making has on the action produced. 
Until such a time, caution must be taken when generalising findings obtained under 
strict task constraints to more natural reaching situations.    
To conclude, in the present study grasps could not be distinguished as 2- or 3-
digit until late in the second half of the action. As all grasps began with the hand in 
an open posture, it remains to be seen whether it was hand posture, or grasp selection 
made mid-way through the movement, that led to the similarity of aperture closures 
observed during the first half of the movement. The findings presented, and 
subsequent discussion, highlight the benefits of combining the study of affordance 
perception, action-scaling and the dynamical coupling of information and movement 
in a prehensile task. Such an approach may raise many more questions than answers, 
but nevertheless appears an interesting and fruitful avenue for future research.  









The present thesis set out to explore how prehensile actions are shaped and 
regulated by perceptual information. The ecological approach to perception and 
action adopted in this thesis (Gibson, 1966, 1986) proposes that what is perceived are 
affordances, or put more simply the opportunities the environment affords for 
behaviour. Thus, achieving successful coordination of prehension becomes the 
problem of perceiving the action opportunities available and perceptually guiding the 
appropriate action solution. In order to understand this problem knowledge regarding 
how affordance perception and continual guidance come together in the pursuit of 
goal-directed action is required. To that end, the aim of this thesis was to achieve a 
greater understanding of the role played by affordance perception in the emergence 
and continual guidance of prehension. A series of interlinking studies have been 
presented in which the initiation, hand transport and grasp components of prehension 
were investigated in order to determine the effect of affordance perception on the 
emergence of, and guidance within, prehensile actions. 
This final chapter begins with an overview of Chapters 1-5, focusing on the 
issues raised and the findings reported in each. These findings are then drawn 
together and considered with regard to the literature presented at the start of the 
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thesis. In particular, the concepts of i) affordance perception in the continuous 
guidance of action and ii) the emergence and perceptual guidance of prehensile 
action are reconsidered in light of the present findings. Based on the issues raised in 
this thesis, the chapter concludes with a summary of the important considerations for 
future research. 
 
6.1 OVERVIEW OF CHAPTERS 
Chapters 1 and 2 highlighted that behaviour is achieved through the 
detection, and regulation, of information specifying affordances. Warren’s (1988) 
model for the visual guidance of action was presented, and the distinctions he made 
between the affordance problem, perceiving an affordance and selecting an 
appropriate action-mode, and the control problem, employing a control law to 
regulate the action, were explained. Warren’s proposal of a one to one mapping 
between affordance perception, action modes, and control laws was described. And 
emphasis was placed on his suggestion that affordance perception precedes 
movement guidance; that is, it serves the function of selecting the action to be 
realised and of setting up the action system (Warren, 1988). 
The distinction in the literature, between affordance perception and continual 
guidance of action, was shown to exist not only in the prehension literature, but also 
more generally in the analysis of perceptual guidance of action. It was proposed that 
this division implicitly creates the notion that two distinct processes of selection and 
guidance exist, and that they occur in sequence. This separation of perception and 
action was also shown to be at odds with a principle at the heart of ecological 
psychology i.e. the concept of perception-action coupling.  
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Chapters 1 and 2 highlighted that although a number of authors have raised 
issues regarding the nature of the relation between affordance perception and 
continual guidance of action (Fajen, 2007a; Michaels, 2000, 2003; Stoffregen, 2000), 
further research is required to determine whether, and in what ways, affordances are 
perceived and exploited in the continuous control of action. Specifically, Chapters 1 
and 2 concluded that to understand how affordance perception and control laws come 
together in the visual guidance of prehension, it is important to determine how 
individual actions evolve and the role information plays throughout the unfolding 
action.  
In Chapter 3 the effects of affordance perception on the time taken to initiate 
and perform a reaching action were investigated. A number of studies have shown 
that information specifying some affordances may be faster or easier to perceive than 
others (Michaels, 1988; Pepping & Li, 2005; Stins & Michaels, 1997, 2000). On the 
basis of these findings, it was argued that manipulating the affordance relationship, 
by varying action-scaled properties, would have an effect on action-timing. Three 
experiments examined affordance perception around an action-boundary; the 
experiments magnified the spectrum of afforded action and tested whether the effects 
of affordance perception extend beyond action preparation to directly influence the 
emergence of action. It was shown that initiation time (IT) is sensitive to the 
continuum of afforded action associated with crossing an action-boundary. Results 
indicated that judgments were quick and accurate at the extremes of the affordance 
scale; however, at the perceived action-boundary longer, more variable, ITs were 
observed. Trials repeated over three consecutive days revealed a shift in the location 
of the perceived action-boundary, a decrease in IT and a change in the shape of the 
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IT distribution. These findings demonstrated that IT is highly sensitive to changes in 
location of the perceived action-boundary. Moreover, the effect of affordance 
perception observed on the movement time (MT) of afforded actions established that 
when approaching the perceived action-boundary, the afforded action took longer to 
be both perceived and acted upon. It was concluded that IT, and its associated 
variability, provides a means of quantifying the ease and extent of affordance 
perception; meanwhile MT can be used to quantify the extent of affordance 
actualisation. With these findings Chapter 3 established that affordance perception 
influences not only action selection and preparation, but also the guidance of action. 
In Chapter 4 the control laws adopted during the hand transport phase of the 
reach were investigated. Two experiments examined the selection and continuous 
guidance of perceptual information during reaching actions. Specifically, general tau 
theory (Lee, 1998) was applied to test: 1) whether the ratio of coupling between hand 
and object is held constant throughout the reach; and 2) whether this ratio, k, 
describes the kinematics of hand-object contact under varying task constraints. 
According to general tau theory, if k is constant from the beginning of the action, and 
the value of k determines the kinematics of the action, then a large component of pre-
planning must occur whereby the value k would need to be set prior to movement 
initiation.  
Experiment 1 tested whether the τs of motion gaps between hand and object 
were held in constant ratio (k) throughout a reaching action to intercept a moving 
object. Results showed a constant linear relationship during the middle, but not the 
end phase of the movement. In Experiment 2 spatiotemporal task constraints were 
manipulated to examine whether k describes the kinematics of the hand-object 
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collision. Results indicated k was not sensitive to task manipulations but the time 
dependent counterpart, Κ(t), did exhibit effects of task. These findings highlighted 
that k is a summary variable and that the continuous variable Κ(t) is more appropriate 
for examining extrinsic τ-coupling in prehensile action. Moreover, it was shown that 
the stability of Κ(t) provided a continuous description of the ratio of τs of motion 
gaps throughout the interceptive action. In particular, Κ(t) was held constant during 
the high velocity acceleration and deceleration phases (i.e. hand transport) and varied 
during the final low-velocity phase in accordance with the exact spatiotemporal 
demands of the task. It was concluded that the control law XY kττ =  was not held in 
a constant ratio, k, throughout the movement, but rather that the continuous ratio of 
coupling, )(/)()( tttK XY ττ= , evolved throughout the reaching movement 
dependent on the specific demands of the phase of the movement. 
Together the findings of Chapters 3 and 4 established that affordance 
perception extends beyond the selection and preparation of action to actually 
influence the action itself, and raised the possibility of an online change in the 
control strategy used to regulate action. In Chapter 5 these findings were brought 
together, and applied to the grasping action. 
The choice IT task used in Chapter 3 required participants to perform one of 
two possible response actions. As a result of this forced choice task, the perceived 
action-boundary required a transition to the use of a qualitatively different action. It 
is worth noting however, that in everyday situations grasping is not a forced choice 
task, instead the grasping action adopted by an actor may take a wide range of forms. 
The central issue explored in Chapter 5 was to determine what happens to the 
coordination of the grasping action across a transition. Focusing on the transition 
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from 2-digit to 3-digit grip configurations, the study addressed whether grip selection 
is made before or during the action. 
As already stated, the concept of an online change in control strategy had 
been raised in Chapter 4. However, it was unclear whether the variability in Κ(t) 
observed at the end of the movement was due to a change in gaps being coupled, 
caused by a change in end-effector (from wrist to digits) associated with the switch 
from a reaching to grasping action; or due to increased noise in the calculation of τ 
associated with the low-velocity movement, where the small denominator (gap size) 
leads to infinite values (c.f. Bingham & Zaal, 2004). The idea that the control 
strategy, or gaps being coupled, may change during the grasping action could not be 
fully explored using the method applied in Chapter 4, as the nature of the τ 
calculation assumes that the actual action end-point achieved is in fact the end-point 
that is aimed for throughout the entire action. Examining whether grip selection is 
made before, or occurs during, the grasping action therefore required the 
development of an alternative analysis, one that did not use the digit end-points as a 
predetermined input variable.   
Finally, the results of Chapter 5 demonstrated that the nature of the transition 
between 2- and 3-digit grips occurs at a within trial level. The grip configuration 
utilised could only be distinguished as 2- or 3-digit during the second half of the 
movement. It was concluded that grip selection emerges online during the unfolding 
of the action. In turn, a series of issues were raised concerning the nature of the 
transition between different grip configurations (these are discussed in detail later in 
this chapter).  
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6.2 AFFORDANCE PERCEPTION IN THE CONTINUOUS GUIDANCE OF ACTION 
The main focus of investigation in the present thesis was to understand how 
affordance perception and control laws come together in the emergence and visual 
guidance of prehension. The data seem quite clear: affordance perception and 
movement guidance are interrelated and evolve continuously throughout the 
unfolding prehensile action. The consideration of affordance perception in the 
continuous control of action provides a framework for conceptualising how 
individual actions evolve, and understanding the role perception plays throughout the 
emergence and continual guidance of prehension. 
In Chapter 2 it was noted that a number of authors have raised issues 
concerning the perception of affordances and how they relate to the guidance of 
action (Fajen, 2007a; Fajen & Devaney, 2006; Michaels, 2000, 2003; Stoffregen, 
2000). These differences of opinion concern issues such as: the informational basis 
of affordance perception, the transition between task specific action-modes, the 
nesting and integration of multiple affordances, and finally how affordances are 
perceived and exploited in the continuous control of action. The way in which the 
findings of the studies presented in this thesis add to this discussion is outlined 
below. 
 
6.2.1 Informational Basis of Affordance Perception 
It is typically thought that information specifying affordances is distinct from 
the information used to regulate action, i.e. the perceptual invariants utilised in 
control laws. In contrast, Stoffregen (2000) proposed that the information specifying 
an affordance may be used to guide both the choice of behaviour and continuous 
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fine-tuning of the action. This would require a single source of information that 
specifies properties of the actor-environment system, and is suitable for the continual 
guidance of action. 
Affordance perception is most frequently considered in terms of body-
scaling, particularly in its applications in ergonomics and industrial design. If instead 
of using body-scaled information, affordance perception is based on action-scaled 
information it is possible that the information specifying an affordance may be used 
to guide both the choice of behaviour and continuous fine-tuning of the action. 
Additionally, action-scaled information was the term initially used by both Gibson  
and Warren (Gibson, 1986; Warren, 1984, 1988). 
Chapters 3 and 5 provided evidence of the use of action-scaled information. 
In Chapter 3 it was shown that the location of the perceived action-boundary changed 
(to being more conservative) when participants were required to make a posting 
action, thus information related to the dynamics of the action had an effect on the 
perception and actualisation of afforded action. In Chapter 5, the point of transition 
between 2- to 3-digit grasping exhibited lower variability across participants when 
object size was scaled to IT-ROM (index finger-thumb range of motion), a functional 
measure, than when scaled to hand length, an anthropometric measure. Scaling 
object size to hand length is frequently employed in the literature, possibly because it 
can be more consistently measured; although, it is important to note that early studies 
by Newell and colleagues used IT-ROM for the exact reason that it was a functional 
action relevant measure (cf. Newell, Scully, Tenenbaum, & Hardiman, 1989). The 
problem in trying to distinguish whether object size should be scaled to IT-ROM or 
to hand length, is that the two variables are highly correlated. Although, as this 
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correlation between IT-ROM and hand length tends to be lower in infants and the 
elderly (due to a decrease in the functional range of motion), it would seem that IT-
ROM is the more suitable measure for action-scaling (cf. Newell, Scully, 
Tenenbaum, & Hardiman, 1989). Moreover, the fact that Chapter 5 showed thumb-
index finger grip aperture was scaled to object size throughout the grasping action, 
adds further support for the relevance of action-scaling object size to IT-ROM. 
Another reason that affordance perception is often assumed to have a 
different informational basis than the control of action is that most current laws of 
control do not include the capabilities of the actor. This was a point made by Fajen 
(Fajen, 2007a, 2007b; Fajen & Devaney, 2006). He emphasised that laws of 
information-based control for the guidance of braking are based on the level of 
braking required to make successful interception, or to avoid collision. However the 
performer’s maximum braking capability will also largely influence the ability to 
control the interception. As an alternative to information-based control strategies, 
Fajen proposed what he refers to as affordance-based control (cf. Fajen, 2007a). In 
this respect the strategy Fajen proposes is that the regulation of braking is based on 
continuous affordance-based information. Creating an affordance-based model of 
control for grasping actions seems an interesting area for future research. The 
relationship between the thumb and index finger may provide a useful a starting 
point for developing such a model. That is, the thumb-index finger relation can be 
described in terms of IT-ROM, specifying the actor’s maximum capability for 
grasping i.e. the maximum ability to apply opposing forces to the surface of an 
object, and continuous thumb-index aperture gives an instantaneous measure of the 
same action-relevant variable, and is thus suitable for the regulation of action. 
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Moreover, both measures of the thumb-index finger relation can be meaningfully 
scaled to object size: IT-ROM can be described in terms of a pi number (object 
size/IT-ROM) and IT-aperture, which in Chapter 5 exhibited an effect of object-size, 
can also be continuously scaled to object-size. Thus, although Fajen’s model does 
not incorporate issues of action selection, it appears a fruitful area for future research. 
 
6.2.2 Transition Between Task Specific Action-Modes 
Questions regarding the specificity of different action-modes were raised in 
Chapter 2. Warren (1988) proposed a one to one mapping between affordances, 
action-modes and control laws; whereby manipulating actor-environment fit would 
lead to the emergence of preferred and critical action-boundaries. It was put forward 
that the action-boundaries result in a phase transition to a qualitatively different 
action, requiring reorganisation of the movement system and the use of new laws of 
control (Warren, 1988).  
Chapters 3 and 5 both demonstrated that affordances exist on a continuum. In 
Chapter 3 critical action-boundaries were identified, at which point the transition to a 
qualitatively different action was observed. These transitions were associated with a 
slowing of action responses, increased instability (i.e. variability of IT) and 
multistability of action response. Alternatively, Chapter 5 demonstrated that whilst 
the notion of a phase transition is a popular concept, once the level of actor-
environment fit is magnified it becomes clear that, in terms of digit kinematics, a 
sudden jump to a qualitatively different action does not occur. Moreover, the notion 
that phase transitions are accompanied by reorganisation of the system requiring 
different control laws was also drawn in to question. It seems therefore that when 
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using the term transition it is important to define the level of analysis and whether 
one is talking in terms of switching between different actions (i.e. over successive 
trials), or changing within a single action (i.e. within trial adaptation). The exact 
definition being used will also determine the type of variability that would be 
expected and where in the action it would be found. 
 
6.2.3 Sequential Affordances and Nesting 
As stated in the introduction, prehension is an interesting skill to study as it 
involves the perception and guidance of two affordances, namely reaching and 
grasping. Therefore, in addition to addressing the relation between affordance 
perception and continual guidance of afforded action, the study of prehension raises a 
series of issues regarding how different affordances may be related and integrated 
with one another. 
The issue of multiple affordances and nesting was raised by Michaels (2003), 
that is, actions consist of nested and sequential information-movement relations. In 
Chapter 2 it was noted that although Warren (1988) touched on affordance nesting 
across multiple timescales, questions remain over what happens during sequential 
relations. Specifically: do affordances occur at a preferred level, or apply to all the 
constituent components of actions? For instance when approaching an object are both 
reaching and grasping perceived, or is it only the act of prehension that is perceived? 
And is this form of sequential affordance perception time-dependent? i.e. is the 
affordance of grasping perceived from initiation, or only as the action unfolds? 
These issues were addressed in Chapters 4 and 5. Chapter 4 showed that the 
task constraints (in terms of spatial and temporal requirements) were not apparent 
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from the initiation of the action, but rather the influence of the spatial and temporal 
task constraints only emerged as the action unfolded. In Chapter 5, it was shown that 
the specific grip configuration adopted was not apparent in the digit coordination 
until the second half of the movement. It was concluded that grip formation is the 
result of an evolving functional relationship between the digits, and thus emerges 
during the action. This finding suggests that the exact grasping action, e.g. 2-digit 
graspability, is not perceived prior to movement initiation, but instead it appears 
more indicative of a proximal to distal affordance perception (this concept of 
evolving affordance perception is described in more detail below).  
The notion of magnification and preferred levels of perception can be seen in 
Gibson’s ideas on what specifies imminent contact with a surface. Gibson said “ the 
magnification of a nested structure in which progressively finer details keep 
emerging at the center [of the optic array] specifies approach of an observer to a 
surface in the environment.” (Gibson, 1986, p. 231). He posed that in order to 
achieve contact without collision, the nested magnification must be made to cease at 
the appropriate level instead of continuing to its limit. In other words, there seems an 
optimal degree of magnification for contact with a surface, depending on what it 
affords. As an example of this Gibson proposed that for acts of manipulating, one 
moves up to reaching distance. His general rule for controlling approach was: “to 
realize the affordance of something, then magnify its optical structure to the degree 
necessary for the behavioural encounter” (Gibson, 1986, p. 231).  
This rule was directed at understanding approach in terms of locomotion 
towards an object, and did not focus specifically on approach in terms of arm 
movements. Of course if the optical structure were to include vision of the hand and 
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vision of the object, then moving the hand towards the object enables magnification 
of the visual scene, i.e. as the distance between the hand and the object gets smaller 
vision of the hand-object system can become increasingly magnified. It may even be 
possible that this concept of magnification relates to the transition between reaching 
and grasping actions. To clarify, as the hand comes in close proximity to the object 
there will be a given point when both the hand and object can be viewed together, 
and perhaps relative to one another. It is plausible that the switch from the initial 
hand transport movement to a final phase of fine-tuning the grasping action may 
coincide with the point at which this level of magnification occurs. 
One possible conceptualisation that fits with the present findings is the notion 
of an affordance landscape, as the performer moves through this landscape towards 
an object the level of affordance perception magnifies in accordance with the goals 
of the task. While a cup located on a table at the opposite side of the room may be of 
graspable size, at this moment in time it does not afford grasping to me until I have 
closed the distance gap between myself and the table it is positioned on, then the gap 
between my hand and the cup, and finally between my fingers and the cup. It would 
therefore appear that the table must be reachable in terms of walking, and the cup 
reachable in terms of hand transport, before the cup will be graspable in terms of 
hand closure, and finally afford 3-digit grasping. In this case 3-digit grasping would 
be the final preferred level of affordance perception, although it is possible to 
conceive of another level related to lifting the object. This is highlighted by Newell 
and colleagues investigation of grasping in terms of the contribution of individual 
digits to the total force production (Cesari & Newell, 2002; Jordan, Pataky, & 
Newell, 2005; Sharp & Newell, 2000). At this level even a 3-digit grasp may be 
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further magnified to the level of perceiving the individual contribution of each digit 
to the total force production required to lift the cup. In this thesis it is speculated, that 
each level of affordance perception will have not only different end-effectors, but 
also will be specified by different informational couplings. For instance, the 
perception of force production may relate to the fullness of the cup, rigidity of its 
surface (e.g. whether it is made of china or plastic) and its slipperiness. 
A final consideration, related to the guidance of movement, is that the exact 
way in which one of the components of the afforded action is completed will affect 
the way in which the subsequent act will be performed; for the end posture for one 
act becomes start posture for the next. And so it is possible to conceive of an 
affordance landscape, where the exact way in which the landscape is negotiated will 
determine the future possibilities for afforded action. This concept of an affordance 
landscape may be viewed as complementary to the notion of a continuum of afforded 
action.  
 
6.2.4 Summary: Perception and Utilisation of Affordances in the Continuous 
Control of Action 
Warren (1988) proposed that affordance perception precedes movement 
guidance, in that it serves the function of selecting the action to be realised and of 
setting up the action system. In light of the findings presented in this thesis, it is 
proposed that action selection is an emergent property of the organism-environment 
interaction. In Warren’s initial framework of visual guidance of action, changes in 
optic flow were described in relation to the influence they have on the control of the 
action; however changes in optic flow will also have an effect on affordance 
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perception. Thus the perception-action cycle is born. Examining judgements of 
affordance perception in isolation can mean that the importance of this cycle is 
overlooked. In contrast, examining an action such as prehension that involves 
multiple components, it becomes clear that the continuous interaction between 
affordance perception and laws of control gives way to a nesting of affordance 
perception which maps onto a nesting of task goals. 
 
6.3 THE EMERGENCE AND GUIDANCE OF PREHENSILE ACTION 
Many theories have been proposed to account for the coordination of the 
reach and grasp components: some have claimed that the two components are 
planned and processed independently but coordinated in time (Arbib, 1981, 1985; 
Hoff & Arbib, 1993; Jeannerod, 1984); while others suggested that they are 
functionally linked (Jakobson & Goodale, 1991; Marteniuk, Leavitt, MacKenzie, & 
Athenes, 1990). Findings of the present thesis are more in line with the proposal by 
Bootsma and van Wieringen (1992) that the control is driven primarily by 
information specifying the goal distance to be covered during the initial phase of the 
movement, but shifts to more refined spatio-temporal information near the end of the 
grasp. In each of the experiments reported in the present thesis effects of the speed-
accuracy trade-off were observed in the final phase of movement deceleration. In 
addition to providing support for the argument made by Bootsma and van Wieringen 
(1992) this suggests that the speed-accuracy trade-off is related at a more general 
level to the constraints on end-point accuracy, than object size per se. 
Based on the evidence presented in this thesis it has been argued that reaching 
and grasping actions unfold as a set of nested task goals. If action selection is viewed 
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as an emergent property of the organism-environment interaction, then a dynamical 
systems approach to understanding prehension appears an interesting area for future 
study. Zaal and colleagues have demonstrated that coordination between the reach 
and grasp can be explained in terms of the continuous coupling of action dynamics 
and perceptual information (Zaal & Bootsma, 1995; Zaal, Bootsma, & van 
Wieringen, 1998, 1999). This model has been proposed to account for final hand 
closure but its use of initial and final postures could perhaps also be extended to 
identify the selection preferences for certain grip configurations. In line with the 
findings presented in this thesis the evolving grasp could be considered as an 
emergent property of the dynamic coupling between initial and target hand postures 
and the perceptual information specifying the actor-environment fit. Furthermore, the 
instability observed within grasping actions in Chapter 5, i.e. the occurrence of the 
hand re-opening component, could be viewed as evidence of this phase transition.  
 
6.4 FUTURE RESEARCH 
In the present thesis a series of methodologies were presented which have 
combined and developed those typically employed in the fields of affordance 
perception, prehension and perceptual guidance of action. In addition to the ideas for 
future research mentioned earlier in this chapter, specifically the investigation of 
affordance-based control and models of dynamical systems theory, a number of 
questions and issues have been raised. 
Chapter 3 demonstrated that IT, and its associated variability, provides a 
means of quantifying the ease and extent of affordance perception; meanwhile MT 
can be used to quantify the extent of affordance actualisation. Further investigation is 
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required to address the nature of these differences and to distinguish whether longer 
ITs observed at the action-boundary are related to decreased ability to detect 
information specifying affordances and/or the ability to use that information to 
regulate action. Judgement tasks should however be treated with caution, as they 
create the unnatural situation where a choice between alternative behaviours must be 
made. This does not occur in everyday tasks, where the performer will have a goal or 
intention in mind and must find the most suitable means of achieving that goal. 
Being able to quantify the ease and extent of affordance perception has 
obvious applications in the area of motor learning. Here action timing may be used to 
monitor the occurrence of motor learning, specifically the extent to which learners 
are able to perceive a given affordance. The additional benefit is that the nature of 
the change in action timing can provide insight into the specificity of learning. 
Examining action timing across an action-boundary it may be possible to determine 
whether improvements are due to a change in the location of the action-boundary, 
increased sensitivity to the action-boundary, the efficiency with which task-relevant 
information constrains the degrees of freedom of the action system or the 
meaningfulness of the action response.  
In Chapter 4 a series of issues were raised concerning the suitability of the 
recursive linear regression for an extrinsic tau-coupling analysis of interceptive 
reaching. In that study the task manipulations did not have an effect on the ratio of 
acceleration to deceleration, therefore further investigation is required to determine 
whether under different circumstances the recursive regression would have 
performed better than the current findings suggest. The Κ(t) analysis provided a more 
suitable measure in the current context; however future studies may seek a method of 
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quantifying these time-series data to enable a more detailed comparison. Moreover if 
nonlinear ratios are to be considered as evidence of coupling then an alternative 
method for analysing these is required. 
In Chapter 5, grasps could not be distinguished as 2- or 3-digit until late in 
the second half of the action. As all grasps began with the hand in an open posture, it 
is unclear whether it was hand posture, or grasp selection made mid-way through the 
movement, that led to the similarity of aperture closures observed during the first 
half of the movement. Moreover it remains to be seen whether forcing the use of a 
certain grasp would reproduce the same patterns of coordination observed here, or 
result in different patterns. In particular were the effects observed, the result of 
action-scaling the grasp to the object, or making the grip selection mid-way through 
the action? Thus, the continuum of behaviour observed also raises questions as to 
whether experiments that remove grip selection actually change the nature of the 
task. Additionally it should be noted that the scaling of object size to hand size will 
have an effect on the kinematics of the 2-digit pincer grasp. This is an important 
consideration for studies on prehension, particularly those examining the pincer grip, 
which frequently use objects larger than the size at which people would naturally 
change from a 2-digit grasp to a multi-digit grasp.  
In conclusion, the multidisciplinary approach presented in this thesis offers a 
new direction in attempts to understand the emergence and guidance of prehensile 
action and, more generally, an attempt to develop the concept of affordance 
perception. This approach may have raised a series of new questions, but it is seen as 
a necessary step in developing these concepts and it is hoped that the ideas presented 
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